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Within the mouse olfactory system, 1200 different types of olfactory sensory 
neurons use molecular cues to appropriately target stereotyped locations within the 
olfactory bulb. Recent studies reveal that some of these molecular cues are regulated 
by olfactory receptor mediated neuronal activity. Within this thesis we develop a 
hypothesis drive microarray based method to identify novel axon guidance molecules 
expressed by the target of this process, the olfactory bulb. This method is designed to 
identify genes that are differentially expressed within the developing olfactory bulb 
during the developmental stages when olfactory sensory neurons are first reaching and 
converging within the olfactory bulb. We identify an entire gene family, the δ 
protocadherins, which fulfill these characteristics and are expressed within subsets of 
olfactory sensory neurons in the olfactory epithelium. Furthermore, we find that many 
of the δ protocadherins are regulated by neuronal activity within the olfactory system 
and hippocampus. Biochemical analysis of the δ protocadherins reveals novel 
heterophilic interactions between the extracellular domains of some family members, 
as well as heterophilic interactions between Pcdh10 and some classical cadherins. 
Furthermore, we identify the ability of the cytoplasmic domains of these proteins to 
translocate to the nucleus. Ectopic expression through transgenic analysis of one 
family member, Pcdh10, is sufficient to disrupt proper axon targeting of SR1 olfactory 
neurons. Based on this data we propose that the δ protocadherins are excellent axon 
guidance candidate molecules in the mouse olfactory system. 
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CHAPTER 1 
Axon Guidance in the Mouse Olfactory System 
 
 The mammalian nervous system is composed of billions of neurons, each of 
which may form over a thousand different connections. During development, 
molecular cues are employed to ensure proper connectivity. This process is vitally 
important, as improper wiring of the nervous system results in catastrophic 
dysfunction. Elucidating these wiring mechanisms has important medical implications. 
Recent advances in stem cell research present an opportunity to replace dysfunctional 
or dying neurons in neurodegenerative disease. However, these replaced neurons are 
of little use without proper connectivity. This problem is made more difficult in the 
adult, as the axon guidance machinery employed by the developing brain is likely no 
longer present. It is therefore critical to not only identify the molecules involved in this 
process, but also to understand how they function.  
 A general set of principles underlying axon guidance has been established for 
most neurons. In short, an extending axon contains a highly motile structure called a 
growth cone. The growth cone contains receptors that interact with molecules found in 
the extracellular environment. Interaction of the receptor with an appropriate ligand 
causes an intracellular signaling cascade. This signaling converges onto cytoskeletal 
and adhesion elements. Changes in these elements direct the axon towards or away 
from a given stimulus. 
 Many fundamental questions however, remained unanswered. (1) What is the 
identity of the molecules that act as receptors on the outgrowing axons and what are 
the molecules that act as ligands? (2) What are the components and targets of the 
intracellular signaling pathway and (3) what are the mechanisms that regulate the 
precise spatiotemporal expression of these molecules? 
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 Within this thesis we design a method to identify novel axon guidance 
molecules in the mouse olfactory system. Our method is successful and we identify an 
entire gene family, the δ protocadherins, as good candidates for axon guidance cues. 
We analyze one family member in detail, Pcdh10, and find that ectopic expression is 
sufficient to misroute axons. We further characterize the function and regulation of 
these genes. We discover extracellular heterophilic interactions, intracellular nuclear 
translocation, and regulation by neuronal activity. Furthermore we find that these 
genes are expressed within many brain structures during development indicating a 
possible role for these proteins in many brain structures.   
Classic axon guidance model systems 
 Numerous model systems have been established to address fundamental axon 
guidance questions. The majority of these models can be categorized into two broad 
categories, commisures and topographic maps. Commisures are sites where axons 
cross the midline of the nervous system. The ability of commissural interneurons in 
the spinal cord to cross the CNS midline has been utilized as a model to study axon 
guidance for nearly 3 decades (Altman et al. 1984). In both vertebrates and 
invertebrates, the axons of cells located in dorsal neural tissue must cross the midline 
in the spinal or ventral nerve chord. The axons are attracted to the ventral floor plate 
and it is this attraction which allows them to cross the midline. Once they cross the 
midline, the axons are no longer attracted to the floor plate but are instead repulsed 
(Bentley et al. 1983). Numerous genetic screens have yielded the identification of a 
number of attractive and repulsive axon guidance molecules.( Hedgecock et al. 1990, 
Seeger et al. 1993). Topographic maps are established when a group of neurons in one 
region project to a group of neurons in another region in a spatially organized manner. 
The earliest and most studied model of axon guidance involves the topographic 
projection of retinal ganglian cells to the optic tectum (Sperry 1963). Using this 
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system Roger Sperry developed the chemical affinity hypothesis, which stated that 
retinal and tectal neurons contained “cytochemical affinities” that ensured proper 
connectivity of these neurons.  
Using these classic model systems, a core group of 4 gene families have been 
identified which play a role in aspects of neuronal pathfinding in all metazoans studied 
to date. These include Netrins, Semaphorins, Slits, and Ephrins. (Dickson 2002) It is 
becoming increasingly clear that these 4 families of proteins are not sufficient to 
explain all of axon guidance and many other as of yet, unidentified axon guidance 
cues must exist.  
The mouse olfactory system is ideally suited for axon guidance study 
We rely primarily on the mouse olfactory system to identify and characterize 
novel axon guidance molecules. The mouse olfactory system is estimated to contain 
1200 different types of olfactory sensory neurons within the nasal epithelium which 
converge into discrete topographically organized locations within the olfactory bulb 
(Zhang et al. 2004, Mombaerts et al.1996, Buck et al. 1991). These locations are 
preserved between individuals and genetic labeling techniques have been developed to 
provide easy visualization of over 20 different types of neurons (Mombaerts et al 
1996, Wang et al. 1998, Serizawa et al. 2000, Strotmann et al. 2000, Zheng et al. 
2000, Zou et al. 2001, Potter et al. 2001, Weber et al. 2002, Cutforth et al. 2003, 
Shykind et al. 2004, Feinstein et al. 2004) Unlike most neurons in the brain, olfactory 
neurons continually regenerate and therefore retarget their axons throughout life. In 
addition, olfactory sensory neurons are exposed to the environment, which makes 
them amenable to external manipulation. Because of these advantages, I have focused 
on this system to identify and characterize novel axon guidance molecules. It is 
becoming increasingly clear that the mouse olfactory system uses many different 
mechanisms and molecules for this remarkable pathfinding task. While some of these 
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mechanisms are consistent with the roles of the 4 classic guidance cue families, many 
are novel. Since neurons in general tend to use the same axon guidance machinery 
within different systems, we predict that the molecules and mechanisms identified in 
these studies may be employed by other brain structures. 
 
Organization of the mouse olfactory system 
 The process of olfaction begins with the passage of odorants through the nasal 
cavity and the binding of these odorants to a class of g-protein coupled receptors 
called olfactory receptors. These olfactory receptors are located on the cilia of 
olfactory sensory neurons which are found within the nasal epithelium. Olfactory 
sensory neurons project their axons through a bony structure termed the cribiform 
plate and form synapses with projection neurons within the olfactory bulb. From here, 
olfactory information is transmitted to higher order centers of the brain (Fig 1) Axon 
guidance in the mouse olfactory system can be divided into 4 stages, olfactory 
receptor choice, axonal outgrowth and presorting, axonal convergence, and glomerular 
refinement.  
Olfactory receptor choice 
Each olfactory sensory neuron expresses only 1 allele of 1 olfactory receptor (Chess et 
al. 1994). The mouse olfactory system contains approximately 1200 different 
olfactory receptors, therefore the mouse olfactory system contains 1200 different types 
of olfactory sensory neurons. Olfactory sensory neurons expressing the same receptor 
are interspersed within broad zones of olfactory epithelium (Ressler et al. 1993). 
Figure 1 
Mori et al 2006 
 5 
These zones are organized along the dorsal ventral axis and are maintained within the 
olfactory bulb (Fig 2). For example, olfactory sensory neurons that are found in the 
dorsal zone of the olfactory epithelium are destined to project their axons to a 
corresponding dorsal zone within the olfactory bulb. Phylogenetic analysis of the 
mammalian olfactory receptor family has revealed two distinct classes of olfactory 
receptors. The first class has greater homology to fish olfactory receptors while class 
II olfactory receptors have greater homology to air breathing animals (Zhang et al 
2004). Olfactory sensory neurons expressing class I olfactory receptors are always 
located within the most dorsal zone of the olfactory epithelium. Olfactory sensory 
neurons expressing class II olfactory receptors can be found within any of the zones 
Olfactory Bulb 
Nasal Epithelium 
 
 
DI domain 
DII domain 
V domain 
 
 
 
 
D Zone 
V Zone 
D 
V 
A P 
Figure 2. Organizaion of the mouse olfactory system. Olfactory sensory 
neurons expressing the same olfactory receptor are indicated by color. Blue 
represent dorsal zone class I, Red represent dorsal zone class II, Green 
represent a middle zone, and Orange represent the most ventral zone of the 
olfactory epithelium. Within the epithelium, olfactory sensory neurons 
expressing the same olfactory receptor are interspersed within broad dorsal 
ventral zones. Neurons in the dorsal zone of the olfactory epithelium project 
axons to the dorsal domain of the olfactory bulb. Neurons in the ventral zone 
of the epithelium project axons to the ventral doamin of the olfactory bulb. 
Olfactory sensory neurons expressing the same olfactory receptor converge 
into structures called glomeruli. Note that class I and class II neurons in the 
most dorsal zone segregate within the dorsal zone of the olfactory bulb. 
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Figure 3 
Feinstein et al 2004 
including the most dorsal region of the olfactory epithelium. Interestingly, while the 
cell bodies of class I and class II olfactory sensory neurons are interspersed within the 
most dorsal zone of the olfactory epithelium those expressing class I neurons project 
to the most dorsal region of the olfactory bulb and those expressing class II olfactory 
receptors project to a slightly more ventral region of the olfactory bulb (Tsuboi et al. 
2006). This suggests that guidance of olfactory sensory neuron axons is partly 
regulated by the type of olfactory receptor expressed.  
Axonal outgrowth and axon presorting 
 After an olfactory sensory neuron chooses an olfactory receptor, it projects its 
axon out of the olfactory epithelium and into axon bundles which travel towards the 
olfactory bulb. Within these bundles olfactory sensory neurons presort, orienting 
themselves relative to other axons (St.John et al 2003, Yoshihara et al 2005, Imai et al 
2009). For example, class I and class II axons projecting from the dorsal zone of the  
 
olfactory epithelium will segregate within the axon bundle (Bozza et al 2009). 
Axonal convergence 
 During development olfactory sensory neurons first reach the olfactory bulb 
around embryonic day 14 (E14). Between E16 and birth, olfactory sensory neurons 
expressing the same olfactory receptor coalesce into neuropil which penetrate the 
olfactory bulb (Royal et al.1999). It is at this point that synapses are formed with 
projection neurons of the olfactory bulb. This process is termed axon convergence and 
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the sites of convergence are termed glomeruli. Olfactory sensory neurons expressing 
the same olfactory receptor will converge within 1 of 2 glomerular positions per 
olfactory bulb (Vasser et al, 1994, Mombaerts et al 1996) . These 2 glomeruli are 
bilaterally symmetric and are found within the same dorsal ventral plane (Fig 3). The 
glomerular locations are highly stereotyped, as the location of convergence is invariant 
between animals. This has been elegantly demonstrated using genetic labeling 
techniques. An ires tau lacZ/GFP cassette is fused to an olfactory receptor coding 
regions (Fig 3) (Mombaerts et al. 1996). This technique has been repeated for many 
olfactory receptors and we now have reporter mice for over 20 different olfactory 
receptors. These mice providean invaluable tool in the evaluation of possible axon 
guidance contributions provided by putative axon guidance molecules. Furthermore 
the stereotyped nature of convergence implies that the olfactory bulb is a topographic 
map of olfactory receptor expression. This map is in contrast to other topographic 
maps, in that neuronal topography is not strictly maintained between the primary 
neurons and the target structure. 
Glomerular refinement 
 Although each olfactory sensory neuron will only converge within 1 of 2 
glomerular structures in the olfactory bulb, initially multiple inappropriate glomeruli 
are formed (Zou et al. 2004). These structures are termed protoglomeruli and undergo 
refinement postnatally. Interestingly, refinement of these ectopic glomeruli requires 
neuronal activity (Nakatani et al 2003). The molecular mechanism underlying this 
process is largely unknown. 
Models of Axon Guidance in the Olfactory System 
 How do 1200 different types of neurons which exhibit seemingly random 
distributions within broad regions of the epithelium, form such highly stereotyped 
connections within the olfactory bulb? In one parsimonious model, the molecule 
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Schwarting et al 2008 
Figure 4 
which distinguishes these 1200 neurons, the olfactory receptor, could itself directly or 
indirectly drive axon guidance (Mombaerts et al 1996, Feinstein et al 2004). In an 
indirect model, the activity of the olfactory receptor regulates the expression of axon 
guidance molecules. Some proponents of these models posit that target derived cues in 
the olfactory bulb are not therefore not required (Mombaerts et al 2006). Other models 
rely on olfactory receptor independent mechanisms. There is now sufficient evidence 
to support both a role for olfactory receptor dependant and olfactory receptor 
independent, as well as olfactory bulb derived axon guidance mechanisms.  
The glycocode 
 
One of the first models for axon guidance in the olfactory system was the glycocode 
(Schwarting et al 1992). Schwarting etal discovered that olfactory sensory neurons 
and glomeruli in the olfactory bulb exhibit a surprising level of glycoconjugate 
heterogeneity. A monoclonal antibody raised against lactosamine reveals a 
complementary expression pattern to embryonic Neuropilin 1, a known axon  
guidance molecule (Fig 4). The antibody labels a small patch of the dorsal nerve layer 
and a larger region of the ventral nerve layer (Crandall et al. 2000). Lactosamine is 
regulated by glycosyltransferase beta1,3-N-acetylglucosaminyltransferase-1 
(Beta3GnT1). Mice deficient in Beta3GnT1 exhibit virtually no lactosamine 
immunoreactivity in the olfactory system. In these mice P2 and I7 olfactory receptors 
which normally express low levels of lactosamine fail to find their appropriate targets 
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and never innervate the olfactory bulb. Some M72 axons which are normally 
lactosamine negative, are able to innervate the olfactory bulb, however, the location of 
innervation is more anterior than in wild type mice (Henion et al 2005). Interestingly 
Galntl2 and Hs3hst1, 2 enzymes involved in glycosylation are correlated with 
olfactory neurons expressing high levels of cAMP (Imai et al 2009). Collectively, 
these results suggest a role for glycosylation in olfactory sensory neuron axon 
guidance. 
The olfactory receptor plays an instructive role in axon guidance 
An initial test for the instructive role of the olfactory receptor in olfactory sensory 
neuron axon guidance came from olfactory receptor swap experiments in mice. In the 
first of these experiments the coding region of the P2 olfactory receptor was replaced  
with the coding region of a different olfactory receptor, M12 (Mombaerts et al 1996). 
In order to visualize the axons of these neurons an ires tau lacZ cassette was inserted. 
M12, which is normally expressed within olfactory sensory neurons in the most dorsal 
zone of the olfactory epithelium, was now expressed in the same zone as P2 neurons 
(more ventrally). If the olfactory receptor coding region is not important for axon 
guidance, then the swapped neurons will project to the recipient glomerulus (P2). P2 
Mombaerts et al 1996 
Figure 5 Receptor swap experiment. The M12 coding region was placed into 
the P2 locus. The axons from these neurons converged within a glomerulus 
distinct from either the M12 or P2 glomerulus 
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axons normally converge in an anterior ventral region of the olfactory bulb. However, 
if the olfactory receptor coding region is solely instructive for olfactory sensory 
neuron axon guidance, then the swapped axons will project to the donor glomerulus 
(M12). M12 glomeruli project to a more posterior region of the olfactory bulb. 
Interestingly, the glomerular convergence site of the swapped olfactory receptors is 
always distinct from the glomerular location of either the recipient glomerulus (P2) or 
that of the donor olfactory receptor (M12) (figure 4). This was the first hard evidence 
in support of an instructive role of the olfactory receptor in olfactory sensory neuron 
axon guidance. These results also indicate that the olfactory receptor coding region is 
not the sole determinant in the positioning of olfactory sensory neuron axons.  
Other olfactory receptor swap experiments produced similar results. M12, 
M50, M71, and P3 olfactory receptor sequences were inserted into the coding region 
of the P2 glomerulus (Want et al 1998). In each case a new glomerulus is formed that 
is distinct from the donor or recipient glomeruli. In addition, deletion of the P2 coding 
region entirely results in a complete lack of convergence. It was later determined, that 
without an olfactory receptor coding region, olfactory receptors will switch to a 
different olfactory receptor explaining this lack of convergence (Shykind et al. 2004). 
However, these results are still consistent with the instructive role of the olfactory 
receptor. Careful analysis of the axons from the I7 olfactory receptor swapped into the 
M71 locus, revealed the formation of mature mitral/tufted I7 olfactory receptor 
synapses capable of responding to I7 specific odorants (Belluscio et al. 2002). 
Interestingly, even non-olfactory g-protein coupled receptors, such as the beta-
adrenergic receptor are capable of converging into new glomerular locations in 
receptor swap experiments (Feinstein et al 2004).  
A contextual model of axonal identity 
 11 
Feinstein 2004 
With the exception of 2 receptor swap experiments, the swapped olfactory 
sensory neurons always converged in an olfactory bulb location that is distinct from 
the donor or recipient glomerulus. This indicates that both OR driven axon guidance 
and non-OR axon guidance mechanisms exist. The exceptions are when the M71 
coding region replaces the M72 coding region and the reciprocal. In these instances 
the swapped olfactory receptors converge to the donor locations. One explanation for 
these exceptions is that M71 and M72 share the same axon guidance machinery, with 
only the OR directed axon guidance contribution differing between them. The M71 
and M72 coding region differ by only 11 amino acids.  
In 2004, Feinstein and Mombaerts utilized these exceptions to develop a 
contextual model of OR mediated axon guidance. The authors created a series of 
amino acid substitutions to create M71/M72 hybrid olfactory receptors. They were 
able to create a spectrum of M71/M72 hybrid glomerular convergence phenotypes. 
These phenotypes ranged from glomeruli that commingled with the recipient 
glomerulus, glomeruli that are completely distinct from the donor or recipient, and 
glomeruli that commingle with the donor glomerulus (figure 7). The most critical 
amino acids are found mostly in the transmembrane domains of these proteins. 
Interestingly, in one instance, a single amino acid substitution (D205N) was sufficient 
to create a completely new glomerulus. Within this study, the authors found that the 
Figure 6 Contextual model of axon guidance. M71 and M71/M72 replacements 
coconverge (G). HybA and M71 coconverge (B). Therefore M71/M72 and 
HybA should coconverge, but do not (C). Therefore surrounding axons matter 
for convergence location. 
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surrounding axons are capable of changing the ultimate glomerular location, indicating 
that context matters in olfactory sensory neuron axon guidance. For example, if you 
replace M71 into the M72 locus, the axons converge into the M71 glomerular location. 
One of the M71/M72 hybrids which has 4 amino acids changes also converges into the 
M71 glomerular location. Therefore one predicts that a mouse that has one allele of 
the M71 replaced into the M72 locus, and the other allele of the M71/M72 hybrid, you 
would observe co-converge into the same glomerulus (at the M71 location). However, 
these OSNs do not converge into the same glomerular location. Since the context is 
the only difference between these conditions, the authors conclude that the 
surrounding axons ultimately affect glomerular position (Feinstein et al 2004).  
A model was proposed in which the olfactory receptors would have both 
homophilic and heterophilic binding capacities. Homophilic binding of the olfactory 
receptor causes aggregation of like olfactory sensory neurons. Heterophilic 
interactions of surrounding olfactory receptors causes gross sorting of olfactory 
sensory neuron bundles, resulting in the stereotyped innervation pattern observed in 
the olfactory bulb. Note that the olfactory bulb need not provide any instructive 
information for proper targeting. 
Within this model, the olfactory receptor is expressed not only in the cilia but 
also on the axons of olfactory sensory neurons. At about the same time that the 
contextual model was proposed, antibodies raised against specific ORs confirmed that 
olfactory receptors are indeed expressed on the axons of olfactory sensory neurons 
(Barnea et al 2004, Strotmann et al. 2004). Axonal localization of olfactory receptors 
was observed embryonically, when olfactory sensory neurons are first extending 
towards the olfactory bulb. Evidence for a direct role of 7 transmembrane receptors in 
homophilic or heterophilic has not been reported. The authors predict the existence of 
OR associated proteins that in combination with the olfactory receptor would create a 
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3 dimensional structure capable of homophilic and heterophilic binding (Feinstein et 
al. 2004). This raises the question of the identity of these OR associated proteins.  
Olfactory receptor signaling and olfactory sensory neuron axon guidance 
Another interpretation of these receptor swap experiments is that olfactory 
receptor activity drives axon guidance mechanisms. It is well established in the visual 
system, that activity dependent mechanism are required for the proper establishment 
of retinotopic maps (Katz et al. 1996). Traditionally, the role of neuronal activity in 
axon guidance is restricted to refinement of neural connections. Those neurons with 
coincident firing increase connection strength while noncoincident activity decreases 
synaptic strength. However, regulation of global axon guidance molecules by neuronal 
activity is not unprecedented. Neuronal activity in the spinal cord regulates the 
expression of axon guidance molecules during the initial stages of axon guidance 
(Hanson et al 2004, Ming et al. 2002). There are even reports of axon guidance 
molecules regulating neuronal activation. Ectopic expression of semaphorins for 
example can alter synaptic activity (Bouzioukh et al. 2007). Within the olfactory 
system, nasal closure experiments indicate that olfactory sensory neuron activity is 
required for the proper establishment and maintenance of glomeruli in the olfactory 
bulb (Zou et al 2004, Zhao et al 2000). In addition, odor stimulation speeds up 
glomerular formation (Kerr et al. 2006).  
Olfactory receptor signaling proteins and their role in axon guidance 
Various olfactory receptor signaling components have been tested for their role 
in olfactory receptor activity dependent axon guidance. Olfactory receptor activation
causes the g-protein, Golf, to switch from a GDP bound state to a GTP bound state. 
Active Golf stimulates adenyl cyclase 3 (Wong et al 2000) which in turn creates 
cAMP from ATP. cAMP binds to the CNG olfactory channel causing sodium and 
calcium ions to enter the cell (figure 7). Mice deficient in Golf are unable to smell, but 
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still exhibit normal olfactory sensory neuron convergence (Belluscio et al. 1998). 
Similarly, mice deficient in the CNG channel are also found to be anosmic, but have 
grossly normal glomerular targeting for most olfactory receptors (Lin et al. 2000). The 
CNG channel is located on the X-chromosome. Female heterozygous CNG mutant  
 
mice, which exhibit mosaic expression of the channel due to X-chromosome 
inactivation have extra glomeruli for a small subset of olfactory receptors (Zheng et al. 
2000). In 2003, it was reported that the knockout of adenyl cyclase 3 causes 
disorganization of glomeruli in the olfactory bulb (Trinh et al. 2003) . This finding 
was substantiated in 2007 and it was discovered that AC3 protein is also localized on 
the axon, indicated the possibility of local axonal signaling (Zou et al. 2007). 
Overexpression of the inward rectifying potassium channel Kir2.1 in olfactory sensory 
neurons delays olfactory bulb innervation. These olfactory sensory neurons are unable 
to form action potentials and therefore have no spontaneous activity. When P2 neurons 
are selectively inhibited severe defects are observed in P2 glomerular formation (Yu et 
al. 2004). Collectively, these results suggest a role for the signaling components of the 
olfactory receptor in axon guidance. 
A role for g-proteins in axon convergenceIn 2006, Imai etal observed a lack of 
convergence in I7 olfactory receptors that are unable to bind g-proteins (Imai et al. 
2006). The DRY motif in TM3 is required for coupling the g-protein to the olfactory 
receptor. Mutating this motif to RDY abolishes g-protein coupling. While the mutated 
olfactory receptor is translated and transported to the plasma membrane, g-protein 
Imai et al 2007 
Figure 7 
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signaling is abolished. Olfactory sensory neurons expressing these olfactory receptors 
fail to converge and instead stall in the anterior part of the bulb (Fig 8). Single cell RT 
PCR revealed that receptor swapping did not occur. There are 2 implications to this 
finding. First olfactory receptor activity is important for axon guidance and 
convergence. Second, the olfactory receptor is not likely to play a direct role in 
homotypic and heterotypic binding. Despite the presence of the I7 olfactory receptor 
on the axon, convergence did not occur. These results point towards a role of olfactory 
receptor signaling in axon guidance. The role of Golf, the g-protein responsible for 
odor recognition, has previously been dismissed in olfactory sensory neuron axon 
guidance. Other g-proteins in olfactory sensory neurons include Gs and Go (Schander 
et al 1998). Coexpression of constitutively active Gs is able to rescue the lack of 
convergence of the I7 (RDY) olfactory sensory neurons (Imai et al.2006). In addition, 
embryonic injection of retroviral vectors encoding constitutively active Gs or Golf into 
the olfactory epithelium causes infected axons to coalescence (Chesler et al 2007). 
GFP infected neurons do not coalesce.  
The sufficiency of Golf to cause axon convergence is interesting as loss of Golf 
does not disrupt axon guidance (Belluscio et al 1998). Because Gs knockout mice do 
Figure 8 Olfactory receptor signaling is important for axon convergence. The 
I7 (RDY) olfactory receptor cannot bind g-proteins. These axons fail to 
converge (right) 
Imai et al 2006 
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not survive past E10 researcher have not yet determined if Gs loss of function would 
result in axon guidance defects. Conditional inactivation of Gs in the olfactory 
epithelium would be a good way to assess if Gs is necessary for convergence of 
olfactory sensory neurons.  
Interestingly, olfactory sensory neurons infected with the beta adrenergic 
receptor converge, while olfactory sensory neurons infected with a vomeronasal 
receptor do not converge. The beta adrenergic receptor is capable of coupling to Gs, 
but not Golf, while the vomeronasal receptor cannot couple to either Gs or Golf. It 
should be noted that convergence of the beta adrenergic receptor is less than that of the 
I7 olfactory receptor and that the beta-adrenergic OSNs did not penetrate the 
glomerulus. These correlative results suggest that Gs may be required for axonal 
convergence (Chesler et al 2006).  
 A model has developed in which axon guidance of olfactory sensory neurons is 
regulated by the activation of olfactory receptor signaling. Furthermore, signaling 
occurs primarily through the Gs subunit and not Golf. This model however raises 
puzzling questions. Odorant induced activation of the olfactory receptor does not 
occur until birth, however most developmental axon guidance occurs prior to birth. 
Therefore, spontaneous activity must be driving this mechanism. Gs and Golf both 
signal through adenyl cyclase III to produce cAMP. If Gs is important for axon 
Chessler et al 2006 
Figure. 9 Gs and Golf are expressed at different developmental stages of 
olfactory neuron maturation. GAP43 is in green. Gs and Golf are in red. Gs is 
expressed in cells that are more basal than Gs indicating they are less mature. 
Golf is expressed in more apical cells indicating they are more mature. 
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guidance and Golf is not, how do neurons differentiate between the two molecules? 
One explanation may be the temporal relationship of their expression. Gs is primarily 
expressed in immature olfactory neurons when olfactory neurons are extending their 
axons, while Golf is expressed in only mature neurons (Chessler et al 2006).  
Olfactory receptors utilize the same intracellular signaling pathways. How do 
axons of olfactory sensory neurons differentiate between the 1200 different types of 
olfactory receptor activity? In one model, olfactory receptors still have homophilic 
binding properties. However, these binding properties require cAMP signaling 
(Chessler et al 2006). This model relies on elements that bind to the olfactory receptor 
on the membrane. The olfactory receptor and the elements combine to create a 3-
dimensional structure that has binding capabilities. If these elements are cAMP 
dependent, then axonal coalescence would not occur in the absence of signaling. This 
may explain why Golf is sufficient for axonal coalescence (Chessler et al 2006), but 
not required (Belluscio et al 1998).  
A model of differential spontaneous activity and cAMP 
 Since the discovery that olfactory receptor activity is important in olfactory 
sensory neuron axon guidance, a number of olfactory axon guidance molecules have 
been identified which are regulated by the second messenger cAMP (Imai et al 2007). 
This is consistent with the model that differences in OR-mediated activity causes 
variations in cAMP levels. The concept of constitutive receptor activity for g-protein 
coupled receptors was first conceived in 1989 by Costa and Herz (Costa et al. 1989). 
Since then a number of g-protein coupled receptors including the adrenergic receptor 
family have been shown to exhibit constitutive receptor activity (Maack et al. 2009). 
A number of studies reveal that even single nucleotide polymorphisms can change the 
constitutive nature of these receptors (Levin et al 2002). Electrophysiological studies 
indicate that olfactory sensory neurons do have variable spontaneous activity rates 
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which range for 0.05 to 3 Hz (O’Connell et al 1969; Duchamp-Viret et al. 1999 
Savigner et al 2009). 
Consistent with this model a dominant negative form of PKA, a cAMP 
dependent protein kinase, is capable of partial rescue of the I7RDY lack of 
convergence. A constitutive active form of CREB, a transcription factor that is 
activated by PKA phosphorylation, is also capable of partially rescuing I7 RDY lack 
of convergence. Furthermore, more posterior positioning of the I7 olfactory receptor is 
achieved by increasing the levels of cAMP in these neurons (Fig 10) (Imai et al 2006). 
A number of genes whose expression is correlated with varying cAMP levels in these 
I7 transgenic mice have been identified. These include neuropilin1, an axon guidance 
molecule whose expression is found along an anterior-posterior gradient within the 
olfactory bulb nerve layer. The authors conclude that anterior posterior positioning of 
olfactory sensory neurons in the olfactory bulb is regulated by cAMP levels through 
the g-protein Gs. Furthermore, within this model, posterior neurons contain higher 
levels of cAMP than anterior neurons (Imai et al 2006). 
 
Imai et al, 2007 
Figure 10 Posterior positioning of I7 glomeruli is regulated through cAMP. The 
dots represent relative convergence points for I7 olfactory receptor expressing 
various cAMP related molecules. A trend is observed for increased levels of 
cAMP and posterior positioning. 
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Fine tuning of olfactory sensory neuron is regulated by neuronal activity 
 In a screen to identify genes specifically expressed in MOR28 olfactory 
sensory neurons, it was discovered that kirrel2, kirrel3, ephrin A5, and ephA5 are 
correlated with olfactory sensory neurons with differing levels of olfactory receptor 
activity. Kirrel2 and ephA5 are expressed in neurons with high levels of neuronal 
activity and kirrel3 and ephrinA5 are expressed in neurons with low levels of neuronal 
activity. Mosaic expression of Kirrel2 and Kirrel3 in the olfactory epithelium causes 
duplication of MOR28 glomeruli. One glomerulus has axons expressing high levels of 
kirrel expression and the other glomerulus contains axons with low levels of the kirrel 
expression. This suggests that these molecules are required for later fine tuning stages  
 
of axon coalescence and segregation. Within this model, the kirrels, which are 
homophilic cell adhesion molecules, bind like axons together. EphA5 and its ligand 
EphrinA5, which are repulsive, separate axons of different types (Fig 11) (Serizawa et 
al 2006).  
Big2, a GPI anchored axonal glycoprotein, is also regulated by olfactory 
sensory neuron activity. In female mice that have mosaic expression of the cyclic 
nucleotide gated ion channel, Big2 is preferentially coexpressed with glomeruli that do 
not express the ion channel. This indicates that Big2 is expressed in neurons that have 
Figure 11 
Serizawa et al 2007 
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low neuronal activity. In addition, Big2 deficient mice have OSNs with multiple extra 
glomeruli (Kaneko-Geto et al 2008). In 2009, Imai etal published 50 additional genes 
that are correlated with differing levels of cAMP in olfactory sensory neurons, 
suggesting that there may be a large number of axon guidance molecules that are 
regulated via differential olfactory receptor activity (Imai et al 2009). This raises many 
important questions. First how do the differential activities of 1200 different olfactory 
receptors translate into 1200 unique axonal profiles. In the current model, all signaling 
pathways converge onto the same second messenger, cAMP. It is therefore important 
to understand the roles of the downstream effectors of cAMP, such as PKA, the CNG 
channel, CamKII, and CREB binding protein.  
The role of the Olfactory Bulb in Axon Guidance 
 Classical axon guidance models for topographic maps rely on axon guidance 
molecules expressed by outgrowing axons and corresponding expression of axon 
guidance molecules in the target structure. However, many of the models proposed for 
olfactory sensory neuron axon guidance do not rely on target derived cues. It has been 
suggested that the olfactory system is unique (Schwarting et al 2008) because unlike 
other topographic maps, the spatial organization in the olfactory epithelium is not 
maintained in the olfactory bulb. Instead olfactory sensory neurons are randomly 
interspersed within broad zones of the olfactory epithelium and coalesce into discrete 
stereotyped locations within the olfactory bulb. Therefore, the olfactory system may 
St John et al 2003 
Figure 12. P2 olfactory sensory neurons lose stereotyped convergence without 
an olfactory bulb. Each dot represents a convergence point of P2 axons from a 
different animal. Note that the locations are different between animals 
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be unique in not relying on target derived cues. However a number of target derived 
axon guidance molecules have recently been reported. Furthermore, with the 
discovery that olfactory sensory neurons do not rely of the direct binding properties of 
the olfactory receptors but instead on olfactory receptor driven axon guidance 
molecules, it seems likely that the olfactory bulb plays a more instructive role. 
The olfactory bulb is not required for convergence of olfactory sensory neurons 
 The role of the olfactory bulb was tested by St. John et al, who analyzed the 
guidance of P2 neurons in mice which no longer contain an olfactory bulb. In these 
mice, olfactory sensory neurons converge into a fibrocellular mass. P2 neurons 
coalesce and convergence within a discrete location within the firbrocellular mass. 
Analysis of the locations of these convergence points within the fibrocellular mass 
revealed a loss of stereotyped targeting (figure 12). Convergence locations were found 
to be highly variable between different animals (St John et al 2003). These data reveal 
that the olfactory bulb is not required for convergence of olfactory sensory neurons but 
may be required for the stereotyped nature of their convergence. 
Despite this finding, it was suggested that the olfactory bulb represents nothing 
more than a scaffold, and it is the identity of the incoming presorted axons that 
determine the ultimate glomerular location. One prediction from this model is that 
stereotyped glomerular innervation should be maintained regardless of the scaffold. To 
test this, the olfactory bulb was surgically replaced with a scaffold structure. As in the 
extra toes mutant, P2 olfactory sensory neurons were able to converge within the 
structure, but at variable non-stereotyped locations (Chehrehasa et al 2006).  
Another prediction of the scaffold model is that removal of a subset of 
olfactory sensory neurons, should result in the shifting in position of surrounding 
axons to fill the empty space. This was tested by genetically ablating dorsal zone 
olfactory sensory neurons with diphtheria toxin. Despite normal cytoarchitecture in the 
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olfactory bulb, olfactory sensory neurons from the remaining ventral region of the 
olfactory epithelium do not shift to innervate the dorsal region of the olfactory bulb.  
In addition, this work identified a preestablished circuit within the olfactory 
bulb. It was found that a subset of the dorsal projection neurons of the olfactory bulb 
target the hypothalamic-pituitary–adrenal axis resulting in a freezing response to 
predator induced scents. Mice whose dorsal neurons were ablated lacked this predator 
induced freezing behavior. This suggests that projection neuron circuits may be 
established before olfactory sensory innervation and underlies the importance of 
stereotyped convergence patterns (Kobayakawa et al 2007).  
Most olfactory bulb cell types are not required for proper guidance of olfactory 
sensory neurons 
 Genetic analysis revealed that most projection and interneurons within the 
olfactory bulb are not required form proper convergence of olfactory sensory neurons. 
P2 olfactory sensory neurons converge within the proper glomerular location in mice 
deficient for the transcription factor, Tbr1. These mice lack olfactory bulb projection 
neurons. Likewise, P2 neurons converged to proper locations in mice deficient in Dlx1 
and Dlx2.  These mice like most interneurons (Bulfone et al 1998). Based on this data 
it was concluded that most olfactory bulb cell types are not required for proper 
convergence of olfactory sensory neurons and that the olfactory bulb likely plays no 
role in the targeting. (Bulfone et al 1998, Feinstein et al 2004, Mombaerts et al 2006)  
It should be noted, however, that within these initial studies, the convergence 
of P2 neurons was not analyzed in mice that lacked both projection neurons and 
interneurons at the same time. Axon guidance cues expressed by the olfactory bulb 
may be expressed in both cell types (Williams et al 2007) and the removal of one cell 
type could be compensated for by the other cell type. In addition there are many cell 
types within the olfactory bulb that remain untested for their role in axon guidance. 
 23 
The Dlx1/2 knockout mouse, which was used to analyze the contribution of 
interneurons towards axon guidance, does not delete all of the interneurons in the 
olfactory bulb. In addition, there are many cell types in the external plexiform layer 
that are not deleted in either of these mutants. One example is the external tufted cells 
which innervates both the medial and lateral glomeruli of olfactory sensory neurons 
expressing the same olfactory receptor (Belluscio et al 2002).  
The role of  radial glia in olfactory sensory neuron axon guidance 
Another interesting cell type that is not deleted in either the Tbr1 or Dlx1/2 
knockout mice is radial glia. Within the olfactory system it appears that radial glia are 
required for olfactory sensory neuron innervation. Deletion of the transcription factor, 
Arx, causes a reduction in radial glia number within the olfactory bulb. In these mice, 
the only radial glia present are found in the anterodorsal medial region of the olfactory 
bulb. Interestingly, this is the only region of the olfactory bulb that is innervated by 
olfactory sensory neurons. The rest of the olfactory sensory neurons converge into a 
fibrocellular mass adjacent to the olfactory bulb (figure 13). The authors note that the 
anterior dorsal medial radial glia are the first to appear in the olfactory bulb (E12) and 
that only later radial are affected in the Arx mutant. They postulate that pioneer axons 
that reach the bulb early are not affected by the arx mutant because OSNs receive 
instructive cues from these glia. Those pioneer axons that arrive later, however are 
Yoshihara et al, 2004 
Figure 13 Radial glia are required for olfactory sensory neuron innervation. Arx 
mutants lack radial glia except for in the anterior dorsal region of the olfactory 
bulb. OMP is in red. Axons only innervate the anterodorsal region of the 
olfactory bulb (right) 
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affected in the Arx mutant because the instructive cues are not present. Once these 
initial tracks have formed, subsequent OSNs are able to innervate the olfactory bulb. 
Interestingly, immunohistochemical analysis of the fibrocellular mass in these Arx 
mutants reveal that axons have undergone segregation in the absence of olfactory bulb 
input. Immunohistochemical analysis reveals that the axons have presorted into their 
dorsal, ventral, and posterior domains (Yoshihara et al 2005). 
Olfactory sensory neuron axons presort before reaching the olfactory bulb 
Imai et al observed that Nrp1 which is expressed within an anterior posterior 
gradient in the olfactory bulb, exhibits an anterior posterior gradient within the 
fibrocellular mass formed in the extra toes mutant (Imai et al 2006). This is consistent 
with the hypothesis of the presorting of olfactory sensory axons. In addition, class I 
and class II olfactory receptor axons segregate within the axon bundle before reaching 
the olfactory bulb (Bozza et al 2009). 
Semaphorin 3a, a repulsive ligand for neuropilin1 plays a major role in 
presorting. Semaphorin 3a is expressed in a subset of olfactory sensory neurons, 
olfactory ensheathng glia, and differentially within the olfactory bulb. Within 
olfactory axons Semaphorin 3a is expressed in the middle of the axon bundle. 
Neuropilin1 axons which are repressed by Semaphorin 3a, are expressed in a more 
lateral region of the bundle. Neuropilin1 axons shift more medially within the bundle 
Figure 14. Presorting in the axon bundles. Nrp1 axons are stained in red. In wt 
mice, nrp1 axons segregate laterally (left). Without Sema3a in axons, nrp1 is less 
lateral (center). Without sema3a in axons and bulb nrp1 does not presort (right). 
Imai et al, 2009 
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in an olfactory sensory neuron specific knock out of Semaphorin 3a. A complete 
knockout of Semaphorin 3a results in no segregation of neuropilin1 axons (Fig 14). 
These results suggest that axons of olfactory sensory neurons presort before they reach 
the olfactory bulb. However, Semaphorin 3a expression within the olfactory bulb 
likely plays some role in this presorting process. This suggests a model in which axon 
guidance information in olfactory sensory neurons and axon guidance information in 
the olfactory bulb work together in this sorting process (Fig 15) (Imai et al 2009).  
Interestingly, receptor swap experiments indicate that presorting of class I and 
class II olfactory sensory neurons is independant of olfactory receptor class, but is  
 
instead based on olfactory sensory neuron type. When class II olfactory 
receptors are expressed in cells that normally express class I olfactory receptors they 
presort into the class 1 domain (Bozza et al 2009). Semaphorin 3a and Neuropilin1, on 
the other hand are regulated by olfactory receptor activity. Neuropilin1 is expressed in 
neurons with high levels of cAMP and Semaphorin 3a is expressed in neurons with 
low levels of cAMP. This suggests that both olfactory receptor dependent and 
independent mechanisms are involved in presorting of olfactory sensory neurons. 
Medial Lateral Bilateral symmetry is governed by IGF signaling and requires 
olfactory bulb signals 
The majority of olfactory sensory neurons converge in a bilaterally symmetric  
 
Imai et al, 2009 
Figure 15 
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fashion along the medial lateral axis. IGF signaling is the only axon guidance 
mechanism identified to play a role in this process. An in vitro olfactory sensory 
neuron turning assay revealed that IGF1 is a chemoattractant for olfactory sensory  
 
 
neurons. IGF1 is expressed in a medial to lateral gradient in the olfactory bulb during  
early stages of development and IGF1R is expressed uniformly in the olfactory 
epithelium. Loss of function of IGF1R results in a medial shift of P2 lateral glomeruli. 
However, P2 medial glomeruli are unchanged (Fig 16). A total knockout of IGF1R in 
the olfactory epithelium or IGF1 and IGF2 in the olfactory bulb causes a loss of OMP 
reactivity in the lateral olfactory bulb. The authors propose a model in which olfactory 
axons default towards the medial portion of the bulb and are “pulled” towards the 
lateral bulb via IGF signaling. Since IGF1 and IGF2 are not expressed within the 
olfactory epithelium, this suggests that the olfactory bulb plays some role in this 
process (Scolnick et al 2008). 
Slit expression in the olfactory bulb is required for proper convergence of dorsal 
olfactory neurons. 
 In 2007 Cho et al reported the first olfactory bulb mediated axon guidance 
molecule, Slit1. Slit1 and Slit3 are chemorepellents and are differentially expressed 
within the olfactory bulb during embryonic development (figure 17). Robo2, a ligand  
Figure 16 
Scolnick et al, 2008 
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Figure 17 
 
for Slit, is expressed in a gradient within the olfactory epithelium, with highest 
expression observed in the dorsal medial region. Slit1 and Slit3 are not expressed 
within the olfactory epithelium. A subset of olfactory sensory neurons that normally 
project dorsally in the olfactory bulb are misrouted to the ventral bulb in slit1 and 
Robo2 knockout mice. These results indicate a role for the olfactory bulb in dorsal 
ventral patterning of olfactory sensory neurons (Cho et al 2007). 
Protocadherins and Axon Guidance 
 One class of proteins that have not been analyzed for their function in the 
olfactory system, are the δ protocadherins. These genes belong to the non-clustered 
protocadherin genes. Although expression of some of these family members in the 
mouse olfactory system has been reported, a detailed analysis during the critical stages 
of axon guidance has not. We identify this gene family as possessing many of the 
characteristics found in other olfactory sensory neuron axon guidance genes. First, 
they are expressed within subsets of neurons within regions of the olfactory 
epithelium. Their expression is regulated by neuronal activity and they are 
differentially expressed within the olfactory bulb during develop.  
The expression of other non-clusetered protocadherins have been reported in 
the olfactory system. Pcdh21 is expressed at very high levels in the external plexifom 
layer of the olfactory bulb and Pcdh20 is expressed within subsets of axons in 
olfactory sensory neurons which projects to a few glomeruli in the posterior ventral 
Cho et al 2007 
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region of the olfactory bulb. Interestingly, Pcdh20 expression in these glomeruli 
occurs in a sexually dimorphic fashion (Lee et al 2008). In addition, analysis of the α 
protocadherins, a family of clustered protocadherins reveals a role for these genes in 
synapse formation for a subset of neurons in the olfactory system. 
The δ protocadherins were originally defined by the alignment and 
phylogenetic analysis of the cytoplasmic domains of the nonclustered protocadherins 
(Vanhalst et al 2005). The clustered protocadherins are found within the same 
genomic region and share a common cytoplasmic exon, whereas the nonclustered 
protocadherins are found at different genomic locations and do not share any common 
exons (Wu et al. 1999, Sugino et al. 2000). This analysis revealed the presence of two 
subfamilies with the δ protocadherins, the δ1 and δ2 protocadherins (Fig 1). All of the 
δ protocadherins share 2 intracellular motifs and the δ1 protocadherins share a third 
common motif.  This third motif is required for the interaction of the δ1 
protocadherins with protein phosphatase 1 alpha. Another structural difference 
between the δ1 and δ2 protocadherins is the presence of 7 cadherin repeats within the 
δ1 protocadherins instead of 6 repeats within the δ2 protocadherins (Redies et al 
2005). 
The genomic structure of the δ protocadherins is unlike that of classical 
cadherins or clustered protocadherins. Classical cadherins have multiple exons located 
within their extracellular domain and a few exons within their cytoplasmic regions 
(Vanhast et al 2005). Clustered protocadherins vary in there extracellular domain and 
utilize a constant cytoplasmic region (Tasic et al 2002, Wang et al 2002). δ 
protocadherins on the other hand have very few exons encoding their extracellular 
domain and multiple exons encoding their intracellular domains. Furthermore, 
multiple isoforms exist for most δ protocadherins and these isoforms differ mainly 
within the cytoplasmic regions (Vanhalst et al 2002). Traditionally, cadherins and 
Vanhalst et al 2005 
 29 
protocadherins are thought to have homophilic cell adhesive properties (Boggon et al 
2002, Morishita et al 2006) Indeed, calcium dependent homophilic cell adhesion has 
been reported for pcdh1, 7, 8, and 10 (Yamagata et al. 1999, Yoshida 2003, Bononi et 
al 2008, Hirano et al 1999). However, the strength of this adhesion is less than that 
reported for classical cadherins. The weakness in adhesive properties of these genes 
and their cytoplasmic variability points toward a model in which intracellular function 
is more important than in classical or clustered protocadherins. 
The δ protocadherins are expressed within many brain structures in many 
different organisms. They appear to play a role in many different biological functions. 
An ortholog of Pcdh1, AXPC, is necessary and sufficient for prenotochord cell sorting 
in the gastrula stage of zebrafish (Bononi et al 2008). Pcdh7 has been implicated in 
LTP and LTD by inhibiting protein phosphatase 1 alpha. In addition an ortholog of 
Pcdh7 is required for axonogenesis in xenopus retinal cells (Bradley et al 1998). A 
Pcdh8 ortholog, PAPC, is required for dorsal convergence in gastrulation in zebrafish. 
Interestingly this is accomplished by downregulating the adhesive activity C-cadherin 
and is dependent upon the extracellular and transmembrane domains only (Chen et al 
2008). PAPC also interacts with frizzled 7 to modulate Rho GTPase and c-jun N-
terminal kinase. Pcdh9 is downregulated in ngn2 mutant mice. This is interesting as 
many other axon guidance molecules, such as epha5 and semaphorin3c are also down 
regulated and thalamocortical axon guidance defects are observed in this mouse. 
Pcdh9 expression is increased following high neuronal activity in the hippocampus. 
This regulation is dependent on CREB mediated transcription (Zhang et al 2009). The 
intracellular domain of Pcdh10 interacts with the Nap1/Wave1 complex. This 
interaction is activated in the U251 astrocytoma cell line upon cell cell contacts. The 
authors suggest homophilic binding underlies activation. Activation of Pcdh10 causes 
F-actin remodeling and subsequent relocalization of N-cadherin. Ectopic expression 
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of Pcdh10 in U251 cells causes locomotor defects. Interestingly, N-cadherin knock 
down mimics the locomotor defects observed by ectopic expression of Pcdh10. 
Furthermore, Pcdh10 causes mislocalization of N-cadherin (Nakaeo et al 2008). This 
is surprisingly similar to experiments performed with Pcdh8. In these experiments, 
knockdown of Pcdh8 increased the number of dendritic spines in hippocampal 
neurons. This increase in dendritic spine number was rescued through knockdown of 
N-cadherin. In the case of Pcdh8, activation of Pcdh8 causes a reduction in synaptic 
strength through the internalization of N-cadherin (Yasuda et al 2007). Therefore, 
both Pcdh8 and Pcdh10 play a role in the relocalization of N-cadherin. Pcdh10 is also 
required for proper guidance of striatal, thalamocortical, corticothalamic, and 
corticospinal axons in the mouse brain (Uemura et al 2007). Pcdh11x is expressed in 
many brain regions in a sexually dimorphic manner, including the globus pallidus, 
amygdala, and hypothalamus (Vanhalst et al 2005). Pcdh18 interacts intracellularly 
with disabled 1, which is an adaptor protein that mediates reelin signaling during 
neuronal migration (Homayouni et al 2001). An ortholog of Pcdh18 is important for 
cell adhesion, cell migration, and behavior in zebrafish (Aamar et al 2008).  
 Three themes arise from these studies. First, many of the δ protocadherins are 
regulated by neuronal activity. Second, these genes play a prominent role in processes 
that require cell adhesion such as gastrulation, cell migration, and axon guidance. 
Some δ protocadherins alter the adhesive properties of the cell by altering the 
localization of classical cadherins. And finally the δ protocadherins have a diverse 
number of intracellular binding partners. Many of these intracellular binding partners 
are involved in regulating cytoskeletal elements.  
 Within this thesis we will use the mouse olfactory system to further dissect the 
adhesive properties, cytoplasmic properties, and regulation of this gene family. We 
discover that Pcdh10 can interact with some classical cadherins as well as other δ 
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protocadherins. Furthermore, we find that the intracellular domain can translocate to 
the nucleus. Finally we discover that many of the δ protocadherins are regulated by 
neuronal activity in olfactory sensory neurons, olfactory bulb cells, and hippocampal 
cells.  
Discussion 
 Within this thesis we explore three fundamental questions within olfactory 
sensory neuron axon guidance. First, does the olfactory bulb play a role in axon 
guidance and if so what are the molecules that drive this process. Second, how do 
these molecules function to guide olfactory sensory neuron axons? Third, what are the 
molecular mechanisms driving the regulation of axon guidance molecules by olfactory 
receptor activity in olfactory sensory neurons?   
Differential expression of axon guidance molecules in the olfactory bulb  
 To date 4 classes of molecules have been identified as differentially expressed 
in the olfactory bulb, Slit, IGF, Sema3a and OCAM. Of these, Sema3a, Slit, and IGF 
have been shown to play a role in olfactory sensory neuron axons guidance. All of 
these genes are differentially expressed within the developing external plexiform layer 
of the olfactory bulb. Genetic studies indicate that most olfactory bulb cell types are 
not required for axon guidance. However some cell types within the developing 
external plexiform remain untested. Therefore, differential expression within the 
external plexiform layer of the olfactory bulb is a good indicator for olfactory bulb 
mediated axon guidance cues. 
 We hypothesize that other axon guidance molecules expressed by the olfactory 
bulb are also differentially expressed within developing external plexiform layer. We 
design a microarray based screen to identify these types of molecules. Using this 
system, we have discovered a number of genes including the δ protocadherins that 
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fulfill these expression characteristics. These genes delineate novel molecular domains 
of the olfactory bulb that have not been previously identified.  
Does the olfactory bulb provide axon guidance information along different 
axes? Because dorsal ventral targeting is maintained between the olfactory epithelium 
and the olfactory bulb, it has been predicted that any axon guidance information 
provided by the olfactory bulb would occur along this axis. Indeed, slit signaling is 
required for proper targeting of dorsal neurons. However, IGF studies reveal the bulb 
plays a role in medial lateral patterning. Furthermore, Semaphorin3a is required for 
proper anterior posterior positioning. We find that the differential expression of many 
of our genes is not limited to one axis, but define novel regions of the olfactory bulb. 
The identification of differential expression in novel domains indicates that axon 
guidance information provided by the olfactory bulb is not restricted to the dorsal 
ventral domain. 
Regulation of axon guidance molecules by olfactory receptor activity 
 The olfactory system must perform the remarkable task of creating 1200 
unique axon guidance identities in order for proper guidance to occur. The finding that 
spontaneous activity of olfactory receptors plays a role in this process raises many 
important questions. First, what is the molecular basis of this regulation? Within the 
current model, the olfactory receptor has some level of spontaneous activity, which 
activates g-protein signaling, and results in the accumulation of the second messenger 
cAMP. Differences in the levels of cAMP cause differential expression of a variety of 
axon guidance molecules. One important question is how the cells translate differing 
levels of cAMP into the large number of axon guidance molecules required for proper 
axon guidance. 
This is a massive regulatory task and likely involves the presence of many 
cofactors. It is also possible that cAMP is not the only regulatory pathway involved in 
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this process. For example, Nrp1 is found in all posterior projecting axons and is 
regulated by increasing levels of cAMP. Using this logic, all posterior neurons must 
have high levels of cAMP and have high levels of spontaneous activity. Kirrel2, a 
local axon guidance cue, is thought to be regulated by high levels of cAMP, yet 
Kirrel2 is not expressed in all posterior neurons. In fact, Kirrel3, a molecule expressed 
in cells with low levels of cAMP is coexpressed with MOR28, which projects to a 
very posterior region of the olfactory bulb. Therefore, many regulatory questions 
remain to be answered.  
 We use both in vitro and in vivo techniques to address these question. We can 
alter neuronal activity in the olfactory epithelium and the olfactory bulb by nasal 
closure and nasal ablation respectively. In addition we utilize an inducible olfactory 
neuron culture as well as primary olfactory bulb and hippocampal neurons to 
pharmacologically dissect the regulation of axon guidance molecules. We find that the 
δ protocadherins are regulated by neuronal activity using these assays and identify 
CamKII and PKA as important for the regulation of Pcdh10. 
Glomerular refinement 
 While much is known regarding other stage of olfactory sensory neuron axon 
guidance little is known regarding glomerular refinement. It has been assumed that 
refinement occurs through apoptotic mechanisms, but there is no evidence to suggest 
that rerouting does not occur. Furthermore the molecular basis of this process is 
completely unknown.  
Olfactory neuron activity is required for glomerular refinement. Nasal closure 
experiments prevent glomerular refinement and increases in odorant stimulation 
increase the speed of refinement. These results point towards a molecular basis of this 
process. It is surprising that so little is known about this stage of axon guidance as it is 
most amenable to study in the adult mouse.  
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We explore the role of our identify family of genes in glomerular refinement. It 
has been reported that activation of Pcdh10 alters N-cadherin localization. In addition, 
activation of Pcdh8 causes a reduction of hippocampal synaptic strength through the 
internalization of N-cadherin. Therefore, both Pcdh8 and Pcdh10 play a role in the 
relocalization of the synaptic cadherin, N-cadherin. We find that Pcdh10 interacts with 
other synaptic classical cadherins, Cdh11 and Cdh10. We also find that Pcdh10 can 
interact with Pcdh11x and Pcdh7. Furthermore, we discover that δ protocadherins are 
activated by neuronal activity and expressed in mostly mature olfactory sensory 
neurons. Collectively these results suggest that the δ protocadherins may be involved 
in synaptic refinement in the olfactory system. Understanding these synaptic alteration 
mechanisms is not only important for axon guidance but also has implications for 
basic neural mechanisms associated with learning and memory.  
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CHAPTER 2 
 
The role of the olfactory bulb in olfactory sensory neuron axon guidance:  
Identifying putative axon guidance molecules 
Introduction 
Within most classical axon guidance systems, guidance cues expressed on the 
growth cones of outgrowing axons interact with guidance cues expressed by the target 
structure. However, it has been suggested that the olfactory system is unique in that 
the target derived cues are not required for the proper targeting of olfactory sensory 
neurons (Schwarting et al 2008). We disagree and cite the existence of three 
molecules (Slit1, IGF, and Semaphorin3a) that are required for proper guidance of 
olfactory sensory neurons (Cho et al 2007, Scolnick et al 2008, Imai et al 2009). 
Therefore we have developed a hypothesis driven microarray screen that has 
successfully identified a number of putative axon guidance molecules. 
There are a number of arguments against the role of target derived cues in the 
olfactory system. Unlike most topographic maps in which neuronal topography is 
maintained between adjacent primary neurons and target neurons, primary olfactory 
sensory neurons are interspersed within broad zones of the olfactory epithelium and 
coalesce into discrete stereotyped glomeruli within the olfactory bulb. Therefore the 
olfactory system is unique and may use a different system from other topographic 
maps. Furthermore, deletion of most olfactory bulb cell types does not appear to 
disrupt proper convergence of P2 olfactory sensory neurons (Bulfone et al 1998). In 
fact, convergence of olfactory sensory neurons can occur in the complete absence of 
the olfactory bulb indicating that olfactory sensory neurons presort before reaching the 
olfactory bulb (St John et al 2003). Finally, initial expression studies indicated that the 
expression patterns of classic axon guidance molecules in the olfactory bulb are 
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uniform and therefore not capable of delineating different olfactory bulb regions from 
one another (Marillet et al 2002, Shu et al 2000, Cutforth et al 2003). Based on these 
studies it has been proposed that the olfactory bulb acts as a mere scaffold for the 
innervation of presorted olfactory sensory neuron axons. 
 While the olfactory bulb may not be required for the convergence of olfactory 
sensory neurons, it is required for the stereotyped nature of convergence. In the 
absence of the olfactory bulb, the convergence locations of P2 olfactory sensory 
neurons are quite variable between animals (St John et al 2003). In addition, olfactory 
sensory neurons do not converge into stereotyped locations in mice whose olfactory 
bulbs are surgically replaced with a scaffold structure (Chehrehasa et al 2006). If the 
olfactory bulb is merely a scaffold structure, one would predict that deletion of the 
dorsal olfactory sensory neuron axons would result in the compensation of ventral 
sensory neuron axons shifting dorsally. However this is not observed in mice whose 
dorsal neurons are genetically ablated via diphtheria toxin (Kobayakawa et al 2007). 
In the past year, Slit1, IGF, and Semaphorin3a have been identified to play a role as a 
target derived cues in the olfactory system. These genes exhibit differential expression 
within the olfactory bulb. It is becoming increasingly clear that, as in all other axon 
guidance model systems, the target does play a role in axon guidance within the 
olfactory system. To date only three of these cues have been identified. 
We hypothesize that axon guidance molecules in the olfactory bulb exhibit three 
characteristics. First, these genes are expressed in patterns that delineate sub regions of 
the olfactory bulb. Second, differential expression of these genes occurs during the 
developmental time point when olfactory sensory neurons are first reaching and 
converging within the olfactory bulb. Careful analysis of P2 olfactory sensory neurons 
reveals that olfactory sensory neurons first reach the olfactory bulb at approximately 
E14.5. Coalescence of axons into protoglomerular structures occurs between E16.5 
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E14.5 E17.5 P3 
and E17.5, and most axons have converged by postnatal day 0 (Fig 1) (Royal et al 
1999). Lastly, we propose that axons guidance molecules in the olfactory bulb are 
expressed within the external plexiform layer of the olfactory bulb. Previous studies 
have ruled out cells that express Tbr1 as well as Dlx1 and Dlx2 as playing a role in the 
guidance of P2 olfactory sensory neurons. Tbr1 is expressed within projection neurons 
and Dlx1 and Dlx2 are expressed within the majority of interneurons of the olfactory 
bulb. However, many cell types within the developing external plexiform layer that do 
not express Tbr1 or Dlx1/2 (Bulfone et al 1998). Therefore, we predict that olfactory 
bulb axon guidance cues will be differentially expressed in the external plexiform 
layer of the developing olfactory bulb. Within this study we identify genes exhibiting 
these characteristics through the development of a novel microarray based screen. 
Similar to the other three reported axon guidance molecules expressed by the olfactory 
bulb these genes molecularly distinguish subdomains of the developing external 
plexiform layer.  
Results  
A novel method to identify axon guidance molecules in the developing olfactory bulb 
We developed a hypothesis driven microarray screen to identify differentially 
expressed genes within the developing external plexifom layer at E14.5, E17.5, and 
P0. A single olfactory bulb was sectioned coronally, along the anterior-posterior axis. 
Figure 1 Developmental time course of OSN convergence. Olfactory sensory 
neurons first reach the olfactory bulb at E14.5. Coalescense does not begin to 
occur until approximately E17.5. By P3 the majority of olfactory sensory 
neurons have converged into glomerular stuctures 
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Three 20um sections were collected from the anterior, middle, and posterior part of the 
was collected per section. Each piece of tissue contained between 30 and 50 cells and 
corresponded to the dorsal medial, dorsal lateral, ventral medial, and ventral lateral 
regions of the olfactory bulb. Approximately 200pg of RNA was isolated from each 
section. This RNA was linearly amplified and prepared for microarray analysis (Fig 
2).  
Custom microarrays were spotted containing PCR products corresponding to 
approximately 33,000 cDNA clones. The microarrays were performed in 2 ways, a 
direct and indirect approach. Within the indirect approach, each of the 36 regions of 
laser microdissected tissue was compared in its expression to a common reference 
sample. The reference sample consisted of a pooled sample of RNA isolated from the 
whole brains of Swiss Webster mice. Within the direct approach, 4 microarrays were 
performed per olfactory bulb section, directly comparing different regions within a 
Figure 2 Method to identify differentially expressed genes within external 
plexiform layer of the olfactory bulb. Three  20um coronal sections are collected 
from anterior, middle, and posterior regions of the olfactory bulb. Four pieces of 
external plexiform layer are dissected per section. RNA is isolated, amplified 
and applied to microarrays. 36 microarrays were performed per olfactory bulb. 
From these arrays, 3 dimensional expression profiles are created for each gene. 
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single 20um section of the olfactory bulb. For both sets of microarrays, multiple 
statistical olfactory bulb. Using laser microdissection, 4 pieces of external plexiform 
tissue models were created. These statistical models were aimed at recreating 3 
dimensional expression profiles of olfactory bulb expression for each of the 33,000 
genes on the microarray.  
Using the indirect approach 36 microarrays were performed for each  
 
Age Comparison Tested Confirmed 
Percent 
Positive 
E14.5 Indirect 101 1 1.0 
E17.5 Indirect 25 0 0.0 
P0 Indirect 85 0 0.0 
E17.5 direct (DL vs DM) 17 6 35.3 
E17.5 direct (VL vs DL) 15 11 73.3 
E17.5 direct (VM vs VL) 17 4 23.5 
E17.5 direct (DM vs VM) 19 6 31.6 
developmental time point: E14.5, E17.5, and P0. Unfortunately only 1 differentially 
expressed gene was confirmed using this approach (Table 1). This is likely due to the 
amplification of statistically error caused by the indirect comparison. The direct 
approach was used to decrease this statistical error and carried out for the E17.5 time 
point. This approach was much more successful and a number of differentially 
expressed genes were identified (Table 1). The fold changes identified by the direct 
approach were remarkably small. Few positive hits were identified with greater than 
1.3 fold changes in expression (Table 2). Therefore it seems likely that the increased 
statistical error that resulted from the indirect approach masked the identification of 
these differentially expressed genes.  
Table 1. Summary of Microarray data sets. 4 sets of microarrays were 
performed. E14.5 direct, E17.5 direct, P0 direct, and E17.5 indirect. For each set 
of microarrays in situ hybridizations were performed to confirm differential 
expression. Percent confirmed per microarray data set is in right column. 
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Probe ID Comparison M value Gene Name 
H3030C10 DLvsDM 0.29 
Noncoding nuclear enriched abundant 
transcript 2  
H3008H11 DLvsDM 0.37 
Noncoding nuclear enriched abundant 
transcript 2  
H3026C10 DLvsDM 0.25  
AI838694 DLvsDM -0.3  
H3064C05 DLvsDM 0.28 
Noncoding nuclear enriched abundant 
transcript 2  
H3026F08 DLvsDM 0.27 
Ccth gene for  chaperonin containing TCP-1 
eta subunit 
H3059B03 DLvsDM 0.25 Protein kinase C delta 
H3098F08 DLvsDM 0.34 
Noncoding nuclear enriched abundant 
transcript 2  
H3017D11 DLvsDM 0.24 
Noncoding nuclear enriched abundant 
transcript 2  
H3028F11 DLvsDM 0.27  
H3118G08 DLvsDM 0.26 
Noncoding nuclear enriched abundant 
transcript 2  
H3146B04 DLvsDM -0.34  
H3116C09 DLvsDM -0.21 Protocadherin 7 
H3002A01 DLvsDM 0.2 NADH dehydrogenase 1 beta subcomplex 7 
H3021C03 DLvsDM 0.19 CDC42 GTPase activating protein 
H3061E11 DLvsDM 0.22 Prefoldin 4 
H4001F03 DLvsDM 0.25 Protein Phophatase inhibitor subunit 7 
    
H3123A06 VLvsDL -1.36 
Noncoding nuclear enriched abundant 
transcript 2  
H3099B10 VLvsDL -1.33 
Noncoding nuclear enriched abundant 
transcript 2  
H3052H04 VLvsDL -1.05 
Noncoding nuclear enriched abundant 
transcript 2  
H3101G12 VLvsDL -0.86 
Noncoding nuclear enriched abundant 
transcript 2  
H3086G04 VLvsDL -0.85 
Noncoding nuclear enriched abundant 
transcript 2  
H3045F09 VLvsDL -0.84 
Noncoding nuclear enriched abundant 
transcript 2  
H3109A11 VLvsDL -0.86 
Noncoding nuclear enriched abundant 
transcript 2  
H4068H06 VLvsDL -0.74 
Noncoding nuclear enriched abundant 
transcript 2  
H3081D05 VLvsDL -0.73 
Noncoding nuclear enriched abundant 
transcript 2  
Table 2 
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H3033D03 VLvsDL -0.81 
Noncoding nuclear enriched abundant 
transcript 2  
H3097H02 VLvsDL -0.7 
Noncoding nuclear enriched abundant 
transcript 2  
H3091C06 VLvsDL -0.77  
H3045F07 VLvsDL -0.73  
H3096H12 VLvsDL -0.51 
Noncoding nuclear enriched abundant 
transcript 2  
H3110A02 VLvsDL 0.56 
Glial cell line derived neurotrophic factory 
receptor alpha 
H4027F01 VLvsDL 0.6 Transferrin 
    
H4072A08 VMvsVL 0.42  
AI845459 VMvsVL -0.54  
H4033A05 VMvsVL -0.45 
Noncoding nuclear enriched abundant 
transcript 2  
H3005G10 VMvsVL 0.32 
Noncoding nuclear enriched abundant 
transcript 2  
H3148G11 VMvsVL -0.28  
H3102H09 VMvsVL -0.33 Ribonuclease H1 
H4055B08 VMvsVL 0.29  
AI851792 VMvsVL -0.26 Rhophilin 
H3057C01 VMvsVL -0.32 Interferon-related developmental regulator 1 
H3151E01 VMvsVL -0.51  
H4061C03 VMvsVL 0.3  
H3142G03 VMvsVL -0.47  
H3142G06 VMvsVL -0.32 Cadherin 11 (Cdh11) 
H4017A09 VMvsVL -0.54 Jagged 1   
H3030H07 VMvsVL -0.32 Phospholipase C beta 3 
H3075F09 VMvsVL -0.28 Ciliary neurotrophic receptor 
H3131B05 VMvsVL -0.22 G-protein coupled receptor 49 
    
AI847909 DMvsVM -0.3 Zinc finger zcl type 3 (Zcsl3) 
H3157F06 DMvsVM 0.46 Growth associated protein  43 
H3144G05 DMvsVM 0.39 Protocadherin 17 (Pcdh17) 
H4051A04 DMvsVM 0.28 
Noncoding nuclear enriched abundant 
transcript 2  
H3147E03 DMvsVM 0.27 
Signal transducer of transcription 3 interacting 
protein 1 
AI845459 DMvsVM 0.47  
AI844744 DMvsVM 0.33 G protein signaling regulator RGS2 
H4052A04 DMvsVM 0.32 Sialyltransferase 4A  
H3146E06 DMvsVM 0.38 
Melanaoma Cell Adhesion Molecule 
(MCAM) 
H3046D09 DMvsVM -0.48 Ribosomal protein S6 kinase  polypeptide 1 
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H3124A09 DMvsVM 0.28 MAP kinase kinase 7  gamma 2 mRNA 
H4038G08 DMvsVM -0.34  
H4067E03 DMvsVM -0.32 Connective tissue growth factor (CTGF) 
H3042C08 DMvsVM 0.4 Dual specificity phosphatase 10 
H3061E07 DMvsVM -0.28 Seven pass transmembrane sf1 
H3089G04 DMvsVM -0.24 Neuregulin 4 
H4051C09 DMvsVM 0.26  
AI854289 DMvsVM -0.022 Protein phosphatase 2 alpha 
AI852253 DMvsVM -0.396 Hepatoma derived growth factor 
 Most of the genes identified encode transmembrane or secreted molecules 
capable of direct interactions with neighboring neuronal processes. These include 
Melanoma cell adhesion molecules (MCAM), Connective tissue growth factor 
(CTGF), Jagged 1, Protocadherin 7 (Pcdh7), and Protocadherin 17 (Pcdh17). Two of 
the genes are localized intracellularly and therefore could play only an indirect role in 
axon guidance. These include Zinc finger csl-type containing 3 (Zcsl3) and Noncoding 
nuclear enriched abundant transcript 2 (Neat2). All of these genes were confirmed by 
in situ hybridization to be differentially expressed in the developing external plexiform 
layer. 
Melanoma Cell Adhesion Molecule (MCAM) 
MCAM is a member of the immunoglobulin superfamily capable of homophilic 
cell adhesion. In addition, MCAM promotes neurite outgrowth in chick dorsal root 
ganglia and PC12 cells through its interaction with nerve growth factor (Taira et al 
2004). MCAM expression is associated with increased metastasis in human tumors 
(Xie et al 1997). Interestingly, MCAM expression can be activated by Notch1 (Thieme 
et al 2009). The ligand for Notch1 is Jagged1, which is also differentially expressed 
within the developing olfactory bulb (Fig 7).  
MCAM is differentially expressed within the olfactory bulb between the ages 
of E14.5 and postnatal day 3 (Fig 3A,3B,3H,3I,3J). These are critical stages for axon 
guidance as it encompasses the developmental window of initial axonal convergence 
for most olfactory sensory neurons (Royal et al 1999). Expression of MCAM is not 
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detected within the olfactory bulb at adult stages and is not expressed within olfactory 
sensory neurons in the olfactory epithelium (data not shown). Within all of the stages 
analyzed, MCAM is expressed within both a medial and ventral region of the olfactory 
bulb. To ease visualization of these domains a cartoon representation of whole mount 
E17.5 olfactory bulb was created (figure 3C). These representations are based upon 3 
dimensional reconstructions of serial coronal in situ hybridizations originally created 
in image J. The expression of MCAM defines a novel domain of the olfactory bulb.   
Initially, the only domains known to delineate the olfactory bulb involved the 
segregation of dorsal and ventral axons from the olfactory epithelium. The axons of 
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Figure 3. MCAM is differentially expressed in the olfactory bulb. (A) Anterior and 
(B) posterior E17.5 MCAM in situ hybridizations. (C) 3D reconstruction of 
MCAM expression at E17.5 To the right are serial in situ hybridizations used to 
make reconstruction. (D) Anterior and (E) posterior uniform controls (GAP43) in 
E17.5 olfactory bulb. (F) Anterior and (G) posterior diaphorase staining at E17.5. 
(H) E14.5 MCAM expression. (I) Anterior and (J) posterior MCAM expression at 
P3. (K) Double fluorescent in situ hybrization at E17.5 for Tbr1 (green) and 
MCAM (red). 
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the dorsal domain can be visualized using antibody stains against OMACs or NQO1 
(Oka et al 2003). In addition, NQO1 positive axons can be visualized using a NADPH 
diaphorase assay(Gussing et al 2003).Diaphorase staining of E17.5 olfactory bulb 
sections confirm that MCAM expression is distinct from the previously observed 
dorsal ventral domains (figure 3F,3G).  
MCAM is expressed in cell types that remain uncharacterized for their role in 
axon guidance. Deletion of Tbr1 results in the absence of projection neurons in the 
mouse olfactory bulb. Despite this, P2 olfactory sensory neurons reach their predicted 
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Figure 4. CTGF is differentially expressed in the olfactory bulb. (A) Anterior 
and (B) posterior E17.5 CTGF in situ hybridizations. (C) 3D reconstruction of 
CTGF expression at E17.5 To the right are serial in situ hybridizations used to 
make reconstruction. (D) Anterior and (E) posterior uniform controls (GAP43) 
in E17.5 olfactory bulb. (F) Anterior and (G) posterior diaphorase staining at 
E17.5. (H) E14.5 CTGF expression. (I) Anterior and (J) posterior CTGF 
expression at P3. (K) Double fluorescent in situ hybrization at E17.5 for Tbr1 
(green) and CTGF (red). 
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target in the olfactory bulb (Bulfone et al 1998). We predict that axon guidance 
molecules within the olfactory bulb would be expressed in cells that do not express 
Tbr1. MCAM is expressed within both Tbr1 positive and Tbr1 negative cells (figure 
3K). Therefore the molecular delineation of the MCAM domain is likely present in the 
Tbr1 mutant mouse. P2 olfactory sensory neurons were also able to accurately target 
the olfactory bulb in mice deficient in Dlx1/2. These mice lack most interneurons  
(Bulfone et al 1998), but projection neurons are not affected. Since MCAM is also 
differentially expressed in Tbr1 positive cells, the MCAM domain is also likely present 
in the Dlx1/2 mutant. Therefore, the affect of deleting the MCAM domain in olfactory 
sensory neuron axon guidance remains to be determined. 
Connective Tissue Growth Factor 
OMP 
Glur1 
TH          
CTGF 
A 
B 
C 
D 
Figure 5 Nasal Ablation Paradigm. Top. Zinc sulfate is squirted into one nostril, 
ablated all the neurons on that side resulting in the deinnervation of the ipsilateral 
olfactory bulb.  In situ hybridizations for (A) OMP in the epithelium (B) GlurI in 
the olfactory bulb (C) Tyrosine hydroxylase in the olfactory bulb (D) CTGF in the 
olfactory bulb 
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Connective tissue growth factor is a secreted protein this is a member of the 
CCN family of genes. It interacts with extracellular matrix proteins as well as other 
growth factors (Frazier et al 1996). Interestingly, CTGF contains a conserved insulin-
like growth factor 1 binding domain on its amino terminus. Furthermore, IGF and 
CTGF act synergistically to promote collagen production in renal fibroblasts (Lam et 
al 2003). This is particularly interesting given that IGF signaling is required for the 
lateralization of glomeruli in the olfactory bulb (Scolnick et al 2008). To date, IGF is 
the only known axon guidance molecules to play a role in the bilateral symmetry of 
olfactory sensory neuron innervation. IGF1 exhibits differential expression within the 
developing E14 external plexiform layer with a slight lateral to medial bias (Chapter 1 
fig 16). IGF2 is expressed dorsally outside of the olfactory bulb in the leptomininges 
in a pattern similar to CTGF (Fig 4H). 
 CTGF is differentially expressed within the olfactory bulb between the ages of 
E14 and P3. It is not expressed within olfactory sensory neurons but is uniformly 
expressed in the olfactory bulb in the adult (Fig 7D). CTGF is expressed dorsally at 
E14.5 (Fig 4H). At E17.5, CTGF is expressed in two domains of the olfactory bulb, 
with mostly lateral signal and some dorsal medial signal (Fig 4A,4B,4C). At P3, 
CTGF is expressed laterally in the anterior part of the olfactory bulb (Fig 4I) and more 
uniformly in the posterior part of the olfactory bulb (Fig 4J). The CTGF domain is 
distinct from the dorsal ventral domain delineated by NQO1 (Fig 4F, 4G). The CTGF 
domain contains similarities with the MCAM domain (Fig 3A, 3B), however they are 
distinct domains. For example, unlike CTGF, MCAM is expressed in a ventral region 
of the posterior E17.5 bulb (Fig 3C). Like MCAM however, CTGF is expressed within 
Tbr1 positive and Tbr1 negative cells (Fig 4K).  
Recently, it has been discovered that neuronal activity regulates the expression of 
some axon guidance molecules (Imai et al 2007). This has become particularly evident 
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in the olfactory system. CTGF is rapidly upregulated following spinal cordinjury in 
rats (Conrad et al 2005) indicating that it can respond rapidly to environmental 
changes. We asked if a reduction in olfactory sensory neuron innervation of the 
olfactory bulb could alter CTGF expression. We predicted that CTGF expression 
would change if (1) CTGF is regulated trans-neuronally and (2) CTGF is expressed 
within olfactory bulb cells that interact with the axons of olfactory sensory neurons. 
To ablate olfactory sensory neurons, a solution of zinc sulfate was injected into one 
nostril of a mouse nose (Fig 5). Olfactory neurons from that nostril were ablated and 
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Figure 6. Zcsl3 is differentially expressed in the olfactory bulb. (A) Anterior and 
(B) posterior E17.5 Zcsl3 in situ hybridizations. (C) 3D reconstruction of ZCsl3 
expression at E17.5 To the right are serial in situ hybridizations used to make 
reconstruction. (D) Anterior and (E) posterior uniform controls (GAP43) in 
E17.5 olfactory bulb. (F) Anterior and (G) posterior diaphorase staining at 
E17.5. (H) Zcsl3 expression at P3. (I) Double fluorescent in situ hybrization at 
E17.5 for Tbr1 (green) and Zcsl3 (red). 
 56 
the olfactory bulb was deinnervated. We confirmed the ablation of the olfactory 
neurons by staining the olfactory epithelium for olfactory marker protein (Fig 5A). 
The olfactory sensory neurons contralateral to the ablated epithelium were unaffected. 
Olfactory sensory neurons reinnervated the olfactory bulb 3-5 weeks after ablation 
(data not shown). Before reinnervation, I performed in situ hybridizations of CTGF in 
the olfactory bulb to assess any changes in expression following sensory neuron 
deprivation. CTGF expression in the deinnervated olfactory bulb was significantly 
reduced in expression relative to the contralateral innervated olfactory bulb (Fig 5D). 
Tyrosine hydroxylase expression was also reduced (Fig 5C) and GlurI was slightly 
increased within the mitral layer of the deinnervated olfactory bulb (Fig 5B). This is 
consistent with previously reported nasal ablation experiments (Baker et al 1983, 
Hamiliton et al 2008). CTGF expression was restored following reinnervation of 
regenerating olfactory sensory neuron axons in the olfactory bulb (data not shown). 
Therefore, CTGF is likely expressed within olfactory bulb cells that interact 
with the axons of olfactory sensory neurons and its expression is maintained by 
olfactory sensory neuron innervation. A candidate for CTGF induction is TGF beta. 
CTGF expression is highly responsive to TGF beta as it contains a unique TGFbeta 
inducible element within its promoter (Kothapalli et al 1997). In addition olfactory 
sensory neurons promote neurite outgrowth of mitral/tufted cells via a TGFbeta 
signaling mechanism (Tran et al 2008). 
Zinc finger csl-type containing 3 
Zcsl3 is a protein of unknown function. It is expressed in a dorsal ventral gradient 
throughout the anterior posterior axis of the olfactory bulb (Fig 6A,6B,6C). It is 
expressed within both Tbr1 positive and negative cells. Zcsl3 expression is similar to 
that observed with diaphorase staining indicating that Zcsl3 is expressed within the 
dorsal ventral domain (Figure 6F, 6G). 
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Jagged 1 
Jagged1 is a ligand for Notch receptors and is involved in neuronal fate. 
Activation of notch by jagged causes the cleavage of cytoplasmic notch, which blocks 
neuronal fate (Li et al 1997). A role for Jagged1 in axon guidance has not been 
reported. 
Jagged1 is expressed within the ventral region of the olfactory bulb at E14 (Fig 
7F) and E17 (Fig 7A,7B). This expression is somewhat complementary to diaphorase 
staining (Fig 6F,6G). At P3, Jagged1 expression is mostly uniform with slightly more 
expression dorsally (fig 7G). Interestingly, Jagged1 is also expressed differentially 
within the olfactory epithelium (data not shown). 
To understand the role of jagged1 in the olfactory bulb, we performed in situ 
hybridizations on all the Notch receptors. We predicted that Notch receptors should be 
expressed within the same layer as Jagged1 in the olfactory bulb. In situ hybridization 
for Notch1, Notch2, and Notch3 reveal that all Notch receptors are not expressed in the
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Figure 7. Jagged1 is differentially expressed in the olfactory bulb. (A) Anterior 
and (B) posterior E17.5 Jagged1 in situ hybridizations. (C) 3D reconstruction of 
Jagged1 expression at E17.5 To the right are serial in situ hybridizations used to 
make reconstruction. (D) Anterior and (E) posterior uniform controls (GAP43) in 
E17.5 olfactory bulb. (F) E14.5 Jagged1 expression. (G) Jagged1 expression at P3.  
 58 
same layer as Jagged1 (Fig 8A,8B,8C). While Notch expression is observed in 
ensheathing glia within the nerve layer, these cells are  too external to interact with 
Jagged1 positive cells in the external plexiform layer. Jagged1 may be interacting 
with Notch1 in the subventricular zone, where neuroblasts migrate to the olfactory 
bulb. Another possibility is a novel function for jagged1 within a subset of neurons 
within the olfactory bulb. Interestingly, the other notch ligands, Jagged2, Delta1, 
Delta3, and Delta4 are all expressed uniformly within the same layer as Jagged1 
(figure 8E,8F,8G,8H).  
Noncoding Nuclear Enriched Abundant Transcript 2 
In Situ               DAPI            Merge 
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Notch2 
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Figure 8 Notch receptors are not expressed in external plexifrom layer. 
(A,B,C,D) Left in situ hybridization, middle DAPI, right merge. External 
plexiform layer is outlined in yellow. (A) Notch1, (B) Notch2, (C) Notch 3 (D) 
Delta4. (E) Jagged1, (F) Delta 1, (G) Delta 3, (H) Jagged 2 
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In situ hybridization for 17 of the positive hits from the microarray data 
exhibited nuclear expression for the mRNA species (figure 9H). All of these genes 
exhibited strikingly similar differential expression along the dorsal ventral axis at both 
E14 and E17 (Fig 9A). Cells containing positive nuclear signal were observed in both 
the dorsal and ventral regions of the olfactory bulb. However, for all the probes there 
were more positive cells in the dorsal domain that the ventral domain (figure 9B,9C). 
In addition all of these probes revealed expression within only subsets of neurons 
within the developing external plexiform layer. The expression pattern was 
remarkably similar to those neurons exhibiting diaphorase activity (Fig 9F, 9G). 
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Figure 9. Neat2 is differentially expressed in the olfactory bulb. (A) E17.5 Neat2 
in situ hybridizations. (B) Magnified view of dorsal Neat2 expression (C) 
Magnified view of ventral Neat2 expression (D) Anterior and (E) posterior 
uniform controls (GAP43) in E17.5 olfactory bulb. (F) Anterior and (G) posterior 
diaphorase staining at E17.5. (H) Double fluorescent in situ hybrization at E17.5 
for Tbr1 (green) and Neat2 (red) and DAPI (blue). (I) Magnified double 
fluourescent in situ hybridization DAPI in blue, (J) Neat2 green, (K) Common 
sequence in red, (L) Merged  
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Alignment of the cDNA sequences corresponding to all 17 of these cDNAs revealed a 
shared 134 bp sequence. Interestingly, all 17 of these common sequences were found 
to be in noncoding regions of the gene. In situ hybridizations performed from the 
coding regions of these genes did not match the patterns observed from the 134bp 
sequence (data not shown). Furthermore, an RNA probe containing only the 134bp 
sequence matched exactly the pattern observed in all 17 cDNA sequences (Fig 13D). 
Following a literature search for RNA expressed within the nucleus, it was 
determined that a newly identified noncoding RNA, Neat2 also contained the 134bp 
common sequence. Neat2 is expressed at very high levels in the nucleus and is 
associated with the components of S35 splicing domains (Fig 10) (Hutchinson et al  
 
2007). Double fluorescent in situ hybridization confirmed that Neat2 was expressed in  
an identical pattern as the 134bp sequence (Fig9I, 9J, 9N). Not only does Neat2 
overlap in the same cells as the 134bp sequence, it is expressed within the same 
domains within the nucleus (Fig 9N) 
.Bioinformatic analysis revealed that the 134bp sequence is found within the 
mouse genome at over 140,000 different locations (figure 12). Interestingly, the 
locations of these sequences are clustered on certain chromosomes consistent with the 
pattern observed for transposable elements. For example, the sequences are not found 
on chromosomes 12, 13, or Y. However chromosome 1 has 8,129 sequences and 
chromosome 5 has 1,902 sequences all clustered in one region of the chromosome. In 
DAPI- Blue 
(Nucleus) 
SC35- Green 
Neat2- Red 
Hutchinson et al, 
BMC Genomics 
2007 
Figure 10 
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addition, the rat genome contains this sequence over 9,000 times with similar 
clustering (Fig 12). 
 Further analysis of this common region revealed that it contains 2 microRNA 
sequences, miR706 and miR709 (Fig 11A). The primary precursor form of miR706 
contains the entire 134bp sequence (Fig 11B). An in situ hybridization of just the 
mature miR706 using locked nucleic acids revealed an identical pattern to the 134bp 
sequence (fig 11E).  
One interesting hypothesis is that the common sequence to identify specific 
DNA regions required for splicing. One interesting finding is that Neat2 is upregulated 
following neuronal activation in the hippocampus. However, it is unclear what role 
Neat2 is playing within subsets of differentially expressed cells in the olfactory bulb. 
Any axon guidance role would be indirect. It will be interesting to determine if Neat2 
Figure 11 Neat2 common sequence contains a microRNA sequence. (A) The 
common element in Neat2 is found within noncoding regions and contains 2 
mature miroRNA sequences. (B) The entire common sequence matches the 
primary precursor form of mir706. (C) Secondary structure analysis of 
common sequence matches structure of primary precursor microRNAs. In situ 
hybridization for (D) common sequence, (E) mature mir706, and (F) mir138.  
D E F 
Common Mir706 Mir138 
A B C 
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is required for the differential expression of other olfactory bulb genes along the dorsal 
ventral axis. 
Protocadherin 7 and Protocadherin 17  
 Two genes were identified that belong to the same gene family, the delta 
protocadherins (Vanhalst et al 2005). Both protocadherins are single pass type I 
transmembrane proteins and are expressed within many brain regions. Members of the 
delta protocadherin have reported to exhibit weak homophilic adhesive properties 
(Yoshida et al 2003, Yasuda et al 2008, Hirano et al 1999). In addition to being 
differentially expressed within the olfactory bulb, Pcdh7 and Pcdh17 are expressed 
within olfactory sensory neurons. Further analysis of the rest of the delta 
protocadherins reveals that 8 of 9 genes exhibit differential expression within the 
olfactory system (See chapter 3). 
Discussion 
Mouse 
Rat  
Figure 12 Blast results for common sequence. Top Chromosomal locations 
containing common sequence in mouse. Bottom Chromosomal locations 
containing common sequence in rat 
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 These genes fulfill all of the criteria we originally set as being important for 
axon guidance. They are differentially expressed within the developing external 
plexiform layer during the time points when olfactory sensory neurons first reach and 
converge within the olfactory bulb. In addition these genes define previously 
unidentified sub domains of the olfactory bulb. Because dorsal ventral targeting is 
loosely maintained between olfactory sensory neurons in the olfactory epithelium and 
their projections within the olfactory bulb, we predicted the existence of genes that 
exhibit differential expression along the dorsal ventral axis of the developing olfactory 
bulb. While the expression of some of these genes is consistent with this hypothesis, 
some are expressed within previously unidentified regions of the olfactory bulb. This 
level of heterogeneity within the developing olfactory bulb is consistent with a role for 
the olfactory bulb in the guidance of axons beyond the dorsal ventral axis. 
In addition to the genes identified in this screen and the other delta 
protocadherins discussed in the next chapter, only 4 other genes have been identified 
to be differentially expressed within the olfactory bulb. Of these, 3 have been shown 
to play a role in axon guidance. Slit1 expression in the olfactory bulb is required for 
targeting of a subset of dorsal neurons. Semaphorin3a expression in the olfactory bulb 
is required for proper presorting of axons within the axon bundle before reaching the 
olfactory bulb and IGF is required for proper medial lateral targeting of olfactory 
sensory neurons (Cho et al 2007, Scolnick et al 2008, Imai et al 2009).   
Because of the instructive role of the olfactory receptor and that ability of 
olfactory sensory neurons to converge without a target structure, the role of the 
olfactory bulb in axon guidance has been classically determined as minor. Within the 
model for a direct role of the olfactory receptor in axon coalescence and sorting, a 
method was established by which the olfactory bulb was not required for stereotyped 
convergence. It is now becoming clear that the role of the olfactory receptor is indirect 
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and involves the regulation of axon guidance molecules through differential activity. 
This model relies on more classical axon guidance systems in which axon guidance 
molecules on the growth cone interact with molecules expressed in the target structure. 
With this is mind, and given the difficult task of differentiating 1200 different types of 
neurons, we predict the identification of a large number of target derived axon 
guidance cues in the olfactory system. 
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METHODS 
 
Animals 
Swiss-Webster mice were used for all experiments. The day a vaginal plug was 
observed was day P0.5. All protocols were approved by the Cornell IACUC. 
 
Diaphorase Activity Assay 
E17.5 olfactory bulb tissue was embedded in OCT and 20um sections were collected 
coronally. Slides were washed in 100mM Tris-HCL pH 8.0, incubated for 60 minutes 
at 37C in 1mM B-NADPH,0.3% Triton X-100, 1.5mM L-arginine, 1mM NBT, 
100mM Tris-HCl pH 8.5. Slides were fixed, counterstained with DAPI and mounted. 
 
Laser microdissection and RNA isolation 
E17.5 embryos were embedded in 3% agarose and fresh frozen in isopentane/liquid 
nitrogen as described. LMD samples were collected into 30 μl of lysis buffer and RNA 
isolated using Gentra's PureScript kit. Total RNA yield was ~ 200 pg/LMD isolate 
using the Agilent Pico-Chip Bioanalyzer assay. 
 
RNA amplification 
A modified T7 RNA polymerase amplification protocol was performed using an 
optimized T7 primer. Firstround aRNA was tailed with poly(A) polymerase, providing 
a template for T7-d(T) primer and the generation of a second round of aRNA. For the 
arrays, 20% of this aRNA was amplified a third time, and a portion labeled by priming 
with amine-terminal random hexamers and incorporating a modified amino-allyl 
dUTP. Hybridizations were performed in 50% formamide, 3xSSC, 20 mM Tris 8.5, 
0.1% SDS, 0.1 μg/μl salmon sperm DNA, and 0.1% BSA at 45°C using a Tecan 
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HS400 machine and scanned on an Axon 4000B scanner.Microarray generation PCR 
products from the NIA 15 k, 7.4 k, and 11 k BMAP collections were resuspended in 
1xSSC/0.005% sarkosyl and printed on Corning UltraGAPS slides using a custom-
built microarrayer and Telechem 946 pins. 
 
Experimental design.  
Direct Comparison 
For each section, the four LMD samples were hybridized directly against one another 
using a loop design. The directions of the loops (clockwise or counter-clockwise) were 
alternated along the AP axis to control for dye bias. 
Indirect Comparision 
For each section, the four LMD samples were hybridized against a common reference 
RNA. The RNA was a pooled sample of adult SW whole brain. 
 
Statistical analysis 
Background measurements were not subtracted to reduce variation in weakly 
expressing genes. Within slide normalization (print-tip loess) was applied and a fixed 
effects linear model was employed to identify spatial differentially expressed genes. 
For a typical gene g, the intensity value corresponding to the four different subregions 
of the bulb is denoted by DMk, DLk, VMk, VLk, where k represents the different 
sections taken along the AP-axis. The log transformation of these values is defined as 
dmk = log2 DMk, dlk = log2 DLk, vmk = log2 VMk and vlk = log2 VLk. To estimate 
the spatial gene expression for gene g, all of the spatial sections along the AP-axis are 
treated as replicates and used to fit four separate linear models for each of the 
comparisons of interest α1 = dm-dl, α2 = dm-vm, α3 = vl-dl and α4 = vm-vl . The 
linear model is written as Mik = αi + εik where i = 1,,4 representing the four main 
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comparisons of interest; Mik is a vector of log-ratios and var(εik) = σi. This model is 
equivalent to performing four separate series of one-sample comparisons on four 
separate sets of data. Estimates of the coefficient of variation, moderated t-statistics, 
and adjusted p-values were calculated sing lmFit in the library limma. 
 
In situ hybridization 
Probes were generated from the original clone printed on the array. Hybridization to 
sections was essentially as described. Fixed sections were treated with 10 μg/ml 
proteinase K prior to hybridization at 60°C. Double label in situ hybridization was 
performed with digoxigenin and biotin-labeled probes and detected using the Fast 
Red/HNPP substrate or the TSA Renaissance kit as per manufacturer's instructions. 
Digoxigenin-labeled locked nucleic acid (LNA)-oligos from Exiqon were hybridized 
at 50°C. Additional clones within the clonesets corresponding to Pcdh7 (clones 
H3060E02 and H3067F12) and Pcdh17 (clone AI843903) were used to confirm the 
observed pattern for these genes. Additional probes for other genes were produced by 
cloning various subregions: Jagged1 (nt716–1514 and 3747–4559), Zcsl3 (nt83–
1004), Gicerin (nt23–1105, 904–2102, 1592–2249, 1993–2873), CTGF (nt1102–1697, 
1686–2267), Tbr1 (nt521–1122 and nt2798–3398). Neat2 (2157-3051) 
 
Ablation 
A solution of 5% zinc sulfate in PBS was injected using a 1 ml hypodermic syringe 
drawn out to produce a thin, flexible tube that can be easily inserted into the nares. 
Mice were anesthetized with isofluorane prior to instillation of 50–75 μl of zinc sulfate 
solution. 
Three-dimensional reconstruction 
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In situ hybridization data from E17.5 coronal sections were obtained for each gene 
every 60–80 μm along the AP extent of the bulb. The expression patterns for multiple 
bulbs were compared against one another, and were found to be similar. We therefore 
performed reconstructions using data from an individual bulb hybridized with any 
given probe. Images from hybridized sections were imported into Adobe Photoshop, 
and regions of high expression were selected and enhanced. These enhanced images 
were combined using ImageJ to create individual stacks of images corresponding to a 
given gene. A projection of the stacked images was then generated to produce a three-
dimensional pattern of gene expression. These projections were then superimposed 
upon a cartoon depiction of the bulb to produce the final image. 
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CHAPTER 3 
 
The δ protocadherins, a family of putative axon guidance molecules in the mouse 
olfactory system 
 
Introduction 
 We have identified a gene family, the δ protocadherins, which exhibit 
characteristics ideally suited for an instructive role in olfactory sensory neuron axon 
guidance. The members of this gene family are expressed within subsets of olfactory 
sensory neurons within the olfactory epithelium and delineate novel subdomains of the 
developing olfactory bulb. The expression of δ protocadherins delineates subregion of 
other nervous system structures such as the vomeronasal organ and the hippocampus. 
Little is known regarding the function of these genes within the olfactory system or 
other brain regions. For example, it is still unclear if the major function of these 
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Figure 1. Phylogenetic analysis of non-clustered protocadherins using intacellular 
domains. Green are delta 2 protocadherins. Red are delta 1 protocadherins 
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transmembrane proteins is in cell adhesion or receptor signaling.  
The δ protocadherins were originally defined by the alignment and 
phylogenetic analysis of the cytoplasmic domains of the nonclustered protocadherins 
(Vanhalst et al 2005). This analysis revealed the presence of two subfamilies within 
the δ protocadherin family, the δ1 and δ2 protocadherins (Fig 1) which share various 
intracellular motifs (Fig 2). Interestingly, phylogenetic analysis based upon the 
extracellular domain instead of the intracellular domains of the δ protocadherins 
reveals the inclusion of other non-clustered protocadherins within the δ protocadherin 
family (figure 3). These genes are also expressed within the olfactory system in unique 
patterns (Lee et al 2008 (unpublished data).  
Amino Acid Substitutions (x100)
0
177.8
20406080100120140160
PCDH 8p
PCDH 18p
PCDH12
PCDH 17p
PCDh 19p
PCDH 10 isoform p
PCDH 9p
PCDH 11xp
PCDH 20p
PCDH 1 isoform 2p
PCDH 7 isoform 3 w ithout gapp
PCDH 21
DCHS2 (23)
PCDH 15
Mu-PCDH
Pcdh8 
Pcdh18 
Pcdh12 
Pcdh17 
Pcdh19 
Pcdh10 
Pcdh9 
Pcdh11x 
Pcdh20 
Pcdh1 
Pcdh7 
Pcdh21 
Dchs2 
Pcdh15 
Mu-Pcdh 
Phylogenetic Tree of Pcdh Extracellular Domains 
Figure 3 Phylogenic analysis of delta protocadherins using extracellular domain 
Figure 2 Cytoplasmic homology of delta protocadherins reveals 3 common 
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Traditionally, cadherins and protocadherins are thought of as homophilic cell 
adhesion molecules (Boggon et al 2002, Morishita et al 2006). Indeed, calcium 
dependent homophilic cell adhesion has been reported for pcdh1, 7, 8, and 10 
(Yamagata et al. 1999, Yoshida 2003, Bononi et al 2008, Hirano et al 1999). 
However, the reported strength of this adhesion is less than that of classical cadherins.  
 We propose a model in which δ protocadherins are olfactory sensory neuron 
axon guidance molecules. To test this model, we asked if δ protocadherins are 
expressed in a manner consistent with other axon guidance molecules in the olfactory 
system. Olfactory bulb axon guidance cues are (1) differentially expressed within the 
(2) developing external plexiform layer (3) during the development time points when 
olfactory sensory neurons are first reaching and converging within the olfactory bulb 
(Williams et al. 2007, Scolnick et al. 2008, Cho et al. 2007, Imai et al. 2009). In 
addition, we predict that axon guidance molecules expressed by olfactory sensory 
neurons are expressed within subsets of olfactory sensory neurons. We find that the 
majority of δ protocadherins genes fulfill these criteria.  
It has been suggested the neuronal identity can be defined by the differential 
overlapping expression of combinations of cadherin molecules (Redies 1997). These 
combinations create unique adhesive signatures capable of distinguishing and guiding 
the axons of neurons. The model of a combinatorial code is attractive because it 
provides a method for a relatively small number of adhesion molecules to differentiate 
a large population of neurons. The olfactory system seems ideally suited for a 
combinatorial code, because 1200 unique identities must be created in order for proper 
topographical targeting to occur. On the surface, the δ protocadherins seem ideal 
candidates for this model as they are reported to have homophilic cell adhesive 
properties and are expressed within olfactory sensory neurons and the subdomains of 
the olfactory bulb. However, we find that δ protocadherins are expressed in mostly 
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non-overlapping populations of cells in the olfactory epithelium and are capable of 
heterophilic binding. 
In another model, δ protocadherins function inside the cell with intracellular 
signaling playing a more prominent role. For example, in the hippocampus, Pcdh8 is 
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Figure 4. Pcdh1 expression in the olfactory system. (A) E14.5, (B)  E17.5, and 
(C) P3 expression of Pcdh1 in the olfactory bulb by in situ hybridizations (D) 
Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 3D reconstruction of 
Pcdh1 expression at E17.5 (G) E14.5, (H) E17.5, and (I) P3 expression in the 
olfactory epithelium. (J) Uniform expression of Pcdh18 at E14.5, (K) E17.5, and 
(L) P3. 
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activated by neuronal activity and alters synaptic strength by causing the 
internalization of classical cadherins. Our findings are consistent with this model as 
we find that the cytoplasmic domains of δ protocadherins are capable of nuclear 
translocation. Furthermore, we discover that Pcdh7 and Pcdh17 are regulated by 
neuronal activity in the olfactory bulb. Collectively, our results are consistent with a  
role for δ protocadherins in olfactory sensory neuron axon guidance. However, 
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Figure 5. Pcdh7 expression in the olfactory system. (A) E14.5, (B)  E17.5, and 
(C) P3 expression of Pcdh7 in the olfactory bulb by in situ hybridizations (D) 
Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 3D reconstruction of 
Pcdh7 expression at E17.5 (G) E14.5, (H) E17.5, and (I) P3 expression in the 
olfactory epithelium. (J) Uniform expression of Pcdh18 at E14.5, (K) E17.5, 
and (L) P3. 
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the function of these proteins is more complex than simple homophilic cell adhesion.  
Results 
Protocadherin 1 
 Protocadherin 1 is a member of the δ1 family of protocadherin. It exhibits 
weak homophilic adhesion properties. An ortholog of Pcdh1, AXPC, is necessary and 
sufficient for prenotochord cell sorting in the gastrula stage of zebrafish (Bononi et al 
2008). Within the mouse olfactory bulb, Pcdh1 is expressed ventrally at E14.5 (Fig 
4A) and mostly uniform at E17.5 with some differential expression ventrally (Fig 4B). 
Pcdh1 is expressed within subsets of neurons within the olfactory epithelium at E14.5 
with strongest expression in a dorsal and ventral lateral region (Fig 4G). By E17.5 
expression is strongest in the most ventral lateral regions of the olfactory epithelium 
and weakest in a mid region of the olfactory epithelium (Fig 4H). This expression 
pattern is maintained in the olfactory epithelium after birth (Fig 4I) and throughout 
adulthood. 
Protocadherin 7  
Pcdh7 has been reported to exhibit calcium dependant homophilic cell adhesion 
(Yoshida et al 2003) and inhibits protein phosphatase 1 alpha through its conserved 
motif found in all δ1 protocadherins (Yoshida et al 1999). Protein phosphatase 1 
alpha has been implicated in LTP and LTD. An ortholog of Pcdh7 is required for 
axonogenesis in xenopus retinal cells (Bradley et al 1998).  
 Pcdh7 is differentially expressed between E14.5 and E17.5 in the olfactory 
bulb (Fig5A, 5B), but is no longer differential after P0 (Fig 5C). Pcdh7 is expressed 
dorsal laterally at E14.5 (Fig 5A) and is mostly dorsal lateral at E17.5 (Fig 5B) within 
the olfactory bulb. Its expression is similar to the dorsal ventral zone as observed by  
 
 79 
diaphorase activity (see chapter 2 Fig). In addition, Pcdh7 is expressed within subsets 
of olfactory sensory neurons from E14 throughout adulthood (Fig 5G,5H,5I).  
Protocadherin 8 
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Figure 6. Pcdh8 expression in the olfactory system. (A) E14.5, (B)  E17.5, and 
(C) P3 expression of Pcdh8 in the olfactory bulb by in situ hybridizations (D) 
Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 3D reconstruction of 
Pcdh8 expression at E17.5 (G) E14.5, (H) E17.5, and (I) P3 expression in the 
olfactory epithelium. (J) Uniform expression of Pcdh18 at E14.5, (K) E17.5, 
and (L) P3. 
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Figure 7. Pcdh9 expression in the olfactory system. (A) E14.5, (B)  E17.5, and 
(C) P3 expression of Pcdh8 in the olfactory bulb by in situ hybridizations (D) 
Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 3D reconstruction of 
Pcdh8 expression at E17.5 (G) E14.5, (H) E17.5, and (I) P3 expression in the 
olfactory epithelium. (J) Uniform expression of Pcdh18 at E14.5, (K) E17.5, 
and (L) P3. 
 Protocadherin 8 is capable of calcium dependent homophilic cell adhesion 
(Chen et al 2007) . In addition, its expression is activated via neuronal activity and 
plays a role in synapse suppression through it interaction and subsequent endocytosis 
of N-cadherin. A Pcdh8 ortholog, PAPC, is required for dorsal convergence in 
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gastrulation in zebrafish. Interestingly this is accomplished by downregulating the 
adhesive activity C-cadherin and is dependent upon the extracellular and 
transmembrane domains only (Chen et al 2008). PAPC also interacts with Frizzled 7 
to modulate Rho GTPase and c-jun N-terminal kinase.   
In the mouse olfactory system, Pcdh8 is expressed in a dorsal lateral region of the 
olfactory bulb at E14 (Fig 6A) and is expressed uniformly thereafter (Fig 6B,6C). 
Within the olfactory epithelium, Pcdh8 is expressed within subsets of neurons within 
both the basal and apical layers (Fig 6G,6H,6I). The olfactory epithelium is organized 
such that the basal neurons contain neural progenitors and immature neurons, while 
the apical cells contain mature olfactory sensory neurons. At E17.5, the Pcdh8 basal 
expression is localized mainly to the dorsal medial zone, while the apical signal is 
expressed in a loosely complementary pattern (Fig 6H). Basal expression of the δ 
protocadherins in the olfactory epithelium is only observed for Pcdh1 and Pcdh8. 
Pcdh9 
  Pcdh9 is a member of the δ1 family of axon guidance molecules. Pcdh9 was 
found to be downregulated in ngn2 mutant mice. This is interesting as many other 
axon guidance molecules, such as epha5 and semaphorin3c are also down regulated 
and thalamocortical axon guidance defects are observed in this mouse. Furthermore, 
ngn2 plays a role in neurogenesis within the olfactory bulb (Mattar et al 2004). Pcdh9 
expression was increased following high neuronal activity in the hippocampus. This 
regulation was dependent on CREB mediated transcription (Zhang et al 2009).  
 Within the olfactory system, Pcdh9 is expressed within a dorsal lateral region 
of the olfactory bulb between the ages of E14 (Fig 7A) and E17 (Fig 7B). This domain 
is different from the classic dorsal ventral domain as observed through diaphorase 
staining. Pcdh9 is expressed within subsets of neurons within the olfactory epithelium 
at E14, E17, and P3 (Fig 7G,7H,7I) 
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Pcdh10 (see chapter 4) 
Pcdh10 is a δ2 protocadherin and exhibits weak homophilic cell adhesion Hirano et al 
1999). Pcdh10 interacts with Nap1, which in turn regulates WAVE- mediated actin 
assembly, resulting in the relocalization of N-cadherin (Nakao et al 2008). Pcdh10 is 
required for proper guidance of striatal, thalamocortical, corticothalamic, and 
corticospinal axons in the mouse brain (Uemura et al 2007). 
Within the olfactory system, Pcdh10 is dorsally expressed with E14 olfactory bulb and 
uniformly expressed after E17.5. Within the E17.5 olfactory epithelium, Pcdh10 is 
expressed within subsets of neurons within the dorsal medial region of the brain. 
Interestingly, Pcdh10 expression shifts towards the ventral lateral region of the 
olfactory epithelium after 2 weeks of age (see chapter 4 Fig 1). 
Pcdh11x 
Pcdh11x is a δ1 protocadherin. It is expressed in many brain regions  
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Figure 8. Pcdh11x expression in the olfactory system. (A) E14.5, (B)  E17.5, 
and (C) P3 expression of Pcdh1 in the olfactory bulb by in situ hybridizations 
(D) Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 3D reconstruction 
of Pcdh1 expression at E17.5 (G) Lack of expression in the E17.5 epithelium 
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in a sexually dimorphic manner, including the globus pallidus, amygdala, and 
hypothalamus (Vanhalst et al 2005). 
 Within the olfactory system, Pcdh11x is the only δ expressed within the ventral 
portion of the olfactory bulb at E14.5, E17.5 and in postnatal stages (Fig 8A,8B,8C). 
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Figure 9. Pcdh17 expression in the olfactory system. (A) E14.5, (B)  E17.5, 
and (C) P3 expression of Pcdh17 in the olfactory bulb by in situ 
hybridizations (D) Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 3D 
reconstruction of Pcdh17 expression at E17.5 (G) E14.5, (H) E17.5, and (I) 
P3 expression in the olfactory epithelium. (J) Uniform expression of Pcdh18 
at E14.5, (K) E17.5, and (L) P3. 
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Pcdh11x is the only δ protocadherin that is differentially expressed within the 
olfactory bulb in postnatal stages (Fig 8C). 
Pcdh17 
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Figure 10. Pcdh19 expression in the olfactory system. (A) E14.5, (B)  
E17.5, and (C) P3 expression of Pcdh19 in the olfactory bulb by in situ 
hybridizations (D) Uniform control (GAP43) at E14.5 and (E) E17.5. (F) 
3D reconstruction of Pcdh19 expression at E17.5 (G) E14.5, (H) E17.5, 
and (I) P3 expression in the olfactory epithelium. (J) Uniform expression 
of Pcdh18 at E14.5, (K) E17.5, and (L) P3. 
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Little is known regarding Pcdh17 but its expression pattern within the mouse 
olfactory system is very interesting. Pcdh17 expression is expressed within 2 distinct 
layers of the E14 olfactory bulb and is expressed in the ventral medial region of both 
(Figure 9A). At E17.5, Pcdh17 is also expressed in 2 distinct layers. In the anterior 
part of the olfactory bulb, Pcdh17 maintains its ventral medial expression in the more 
basal layer, which contains mitral and external tufted cells (Figure 9B). However, 
more apical expression is observed in the posterior part of the bulb in the ventral 
lateral region. Like most δ protocadherins, Pcdh17 is expressed within protocadherin 
that is not expressed within olfactory sensory neurons. It is however subsets of 
neurons within the olfactory epithelium starting at E14 and continuing into postnatal 
day stages (Fig 9G,9H,9I) 
Pcdh18 
Pcdh1 Pcdh7 Pcdh8 Pcdh9 
Pcdh10 Pcdh17 Pcdh19 
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E F G 
Figure 11 δ Protocadherins are expressed in mature olfactory sensory neurons. 
Double fluorescent in situ hybridizations between protocadherins (red) and OMP 
(green). (A) Pcdh1, (B) Pcdh7, (C) Pcdh8, (D) Pcdh9, (E) Pcdh10, (F) Pcdh17, 
(G) Pcdh18) All Pcdhs are mainly expressed in OMP+ cells, except Pcdh1 and 
Pcdh8 which are expressed in some non-OMP (+) cells. White arrows point to 
Pcdh (+), OMP (-) cells 
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 Pcdh18 is the only δ protocadherin that is not differentially expressed in the 
olfactory bulb or the olfactory epithelium however it is expressed uniformly in both 
tissues (Fig 9J,9K,9L). Pcdh18 interacts intracellularly with disabled 1, which is an 
adaptor protein that mediates reelin signaling during neuronal migration (Homayouni 
et al 2001). An ortholog of Pcdh18 is important for cell adhesion, cell migration, and 
behavior in zebrafish (Aamar et al 2008). Pcdh19 
 Very little is known about Pcdh19, but it has a very interesting expression 
profile in the developing olfactory system. Within the E14 olfactory bulb it is 
expressed within 2 dorsal domains (Fig 10A). It is also expressed within 2 regions of 
the dorsal lateral domain in the E17.5 olfactory bulb (Fig 10B). Within the olfactory 
epithelium, it is expressed within a subset of olfactory sensory neurons (Fig 
10G,10H,10I).  
The δ protocadherins are mainly expressed within mature olfactory sensory neurons.
 Because of the regenerative nature of the olfactory system, the olfactory 
epithelium contains neurons at different stages of maturity. The axons of olfactory 
sensory neurons receive different types of axon guidance information as they mature. 
For example, an immature neuron may receive information regarding initial growth 
towards the olfactory bulb, while a mature neuron might receive information about 
ultimate glomerular refinement. Based on the expression profiles outlined in the 
previous section we observed mostly apical expression in the olfactory epithelium, 
indicating that the δ protocadherins are expressed in mainly mature olfactory sensory 
neurons. The most basal region of the olfactory epithelium contains immature neurons 
and dividing stem cells. Those neurons in the most apical region of the olfactory 
epithelium are mature olfactory sensory neurons. The expression of most of the δ 
protocadherins within the olfactory epithelium occurs in more apical regions. 
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To confirm that δ protocadherins are indeed expressed in mature olfactory 
sensory neurons, we performed a series of double fluorescent in situ hybridizations 
with the δ protocadherins and olfactory marker protein (OMP). OMP stains only 
mature olfactory sensory neurons (Verhaagen et al 1989). With the exception of Pcdh1 
and Pcdh8, all of the δ protocadherins are coexpressed with OMP in the majority of 
their neurons (>85%) (Fig 11). Pcdh8 is expressed within both basal and apical layers 
of the olfactory epithelium. While Pcdh8 positive basal neurons never overlapped with 
OMP, most of the apical neurons do (Fig 11C). Pcdh1 overlaps with OMP at ~35% in 
the dorsal medial domain of the olfactory epithelium. All of the OMP positive neurons 
in the most ventral lateral region of the olfactory epithelium express Pcdh1 (Fig 11A). 
Therefore, with the exception of Pcdh1 and Pcdh8, most δ protocadherins are 
expressed exclusively in mature olfactory sensory neurons.  
δ protocadherins are expressed in mostly non-overlapping neurons in the olfactory 
epithelium     
 
 Pcdh7 Pcdh8 Pcdh9 Pcdh10 Pcdh17 Pcdh18 Pcdh19 
Pcdh1 8 16 17 29 5 100 27 
Pcdh7  31 7 32 12 100 11 
Pcdh8   35 30 17 100 29 
Pcdh9    6 9 100 13 
Pcdh10     15 100 14 
Pcdh17      100 15 
Pcdh18       100 
 In one model neuronal identity can be defined by the differential overlapping 
expression of combinations of cadherin molecules (Redies 1997). Within this model, 
we make the predictions that (1) δ protocadherins will be coexpressed in some 
combination and (2) neurons projecting to the same spots will express the same 
Table 1 Coexpression of δ protocadherins. Double fluorescent in situ 
hybridizations of delta protocadherins for all combinations. Percent coexpression 
for each comparison is shown. For example, of all Pcdh1 (+) cells, 8% also 
express Pcdh7. 
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combination of δ protocadherins. If δ protocadherins are not expressed in combination, 
but instead label non-overlapping populations, then the expression of these genes are 
not capable of creating unique axon identities and instead label broad domains of 
olfactory sensory neurons in the olfactory epithelium. 
In order to test this prediction, we performed a series of double fluorescent in situ 
hybridizations comparing all the δ protocadherins expressed within the olfactory 
epithelium. Very little coexpression is observed between the various δ protocadherins 
(Table 1, Fig 12,Fig 13). The exception is Pcdh18 which is expressed in all olfactory 
sensory neurons and therefore overlaps with all the δ protocadherins. Within the most 
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Figure 12 Double fluorescent in situ hybridization of Pcdhs in E17.5 olfactory 
epithelium. Pcdh1 green (A,D,G,J). Pcdh9 red (B,H), Pcdh 8 (E,K). G-L are 
zoomed in regions circled in yellow square. Merged images are shown in(C,F,I,L). 
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ventral lateral zone of the olfactory epithelium, only Pcdh1 and Pcdh8 are expressed 
(Fig 12). These two genes are expressed in almost completely nonoverlapping cells 
(Fig 12D,12E,12F,12J,12K,12L). Within the dorsal zone of the olfactory epithelium, 
Pcdh8 exhibits the most overlap with the other δ protocadherins. However, the overlap 
never surpasses 32% (Table 1). These results suggest that δ protocadherins do not 
work in combination, but instead delineate separate populations of distinct neurons. 
Olfactory sensory neurons expressing the same olfactory receptor are correlated but 
not completely coexpressed with δ protocadherins.  
The second prediction of the combinatorial model is that olfactory sensory neurons 
expressing the same receptor will express the same combination δ protocadherins. If 
olfactory receptor neurons do not express the same combination of δ protocadherins, 
then the combinatorial model cannot be correct and δ protocadherin function is 
correlated with something other than olfactory receptor expression. To test this we 
performed a series of double fluorescent in situ hybridizations with olfactory receptors 
and δ protocadherins. Interestingly, we found that none of the olfactory receptors 
tested overlapped with any of the δ protocadherin at 100%, with the exception of 
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Figure 13 Double fluorescent in situ hybridization of Pcdhs in E17.5 olfactory 
epithelium. Pcdh10 green (A,D), Pcdh7 red (B), Pcdh19 red (E) Merged (C,F). 
Some overlap is observed for Pcdh7 and Pcdh10, but little overlap is observed 
for Pcdh10 and Pcdh18 
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MOR28 and Pcdh1 (Fig 14,15). MOR28 is expressed within the most ventral lateral 
zone of the olfactory epithelium. Within this zone, Pcdh1 is expressed within all of the 
olfactory sensory neurons. I found that each type of olfactory sensory neuron 
expressed varying percentages for different δ protocadherins. These percentages were 
consistent between different animals. For example, SR1 olfactory sensory neurons are  
coexpressed with Pcdh8 in 36% of its neurons, Pcdh10 in 6% of its neurons and 
Pcdh19 in 13.5% of its neurons (Fig 14, 15D,15E,15F). 
This result is unexpected as we predicted that olfactory sensory neurons 
expressing the same olfactory receptor, which project to the same two locations within 
the olfactory bulb, would express the same axon guidance molecules to accomplish 
this task.  One possible explanation could be the limitations of our assay. At E17.5, 
many olfactory sensory neurons are still immature. Olfactory receptor expression 
occurs before the expression of other more mature markers such as OMP, Golf, and 
the cyclic nucleotide gated ion channel. Therefore, it is possible that low coexpression 
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Coexpression of Olfactory Receptors and Delta Protocadherins 
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Figure 14. Coexpression of olfactory receptors and delta protocadherins. Double 
fluorescent in situ hybridizations were performed for each protocadherin and 
olfactory receptor. The percentage of cells expressing a given olfactory receptor 
and an given delta protocadherin are illustrated. For example, of those cells that 
express MOR18-1, 41% also express Pcdh1. 
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Figure 15. Double fluorescent in situ hybridization in E17.5 olfactory epithelium. 
In green (A) MOR18-1, (D) SR1, in red Pcdh 9 (B), Pcdh10 (E), and merge 
(C,F). 
 
rates are indicative of the timing of protocadherin expression during olfactory sensory 
neuron maturation. To test this possibility we looked at the coexpression rates for 
known axon guidance molecules. Previous studies indicate that MOR28 is 
coexpressed with Kirrel3 in the olfactory system (Serizawa et al 2007). At E17.5, we 
found MOR28 coexpression with kirrel3 was only 37.6%. At later stages coexpression 
for Kirrel3 increased to 41% at P0, and 78.2% at 2.5 weeks. Another way to test this 
hypothesis is to repeat these experiments and only count mature olfactory sensory 
neurons. This can be accomplished using triple fluorescence in situ hybridizations of 
the olfactory receptor, the protocadherin, and OMP. Another explanation is that our 
data reflects the coexpression rates of δ protocadherins with olfactory receptors. 
Heterophilic binding of δ protocadherins 
Expression analysis of the δ protocadherins reveals a number of inconsistencies for 
model in which protocadherins expressed in the olfactory epithelium bind 
homophilically to protocadherins expressed in the olfactory bulb. To test for possible 
heterophilic binding of δ protocadherins, we tagged the extracellular domains of the δ 
protocadherins and classical cadherins Myc. These classical cadherins are expressed 
within the olfactory system. HA-Pcdh10 was cotransfected with each of the 
MOR18-1         Pcdh9        Merge               SR1          Pcdh10          Merge          
A B C D E F 
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extracellular domains of the δ protocadherins and cadherins. Coimmunoprecipitation 
revealed interactions between Pcdh10 and Pcdh7, Pcdh11x, Cdh10, and Cdh11 (Fig 
16). Interestingly, Pcdh7 is expressed within the region of the olfactory bulb 
corresponding to Pcdh10 expression in the olfactory epithelium (figure 17).   
We observed Pcdh10 heterophilic binding with only type II cadherins, Cdh10 and 
Cdh11. Unlike type I classical cadherins which contained a conserve Trp2 in their 
Pcdh8                Pcdh18               Cdh10                Cdh8 
Pcdh1        Pcdh7       
Pcdh11x     Cdh11 
Ig
G 
Cdh5 Cdh13 Cdh15 Cdh18 Cdh10    Cdh11  
Pcdh11     Pcdh10 alone 
Figure 16 Heterophilic interactions of Protocadherins and Cadherins. The EC 
domain of Pdh10 (HA) and various other EC domains (Myc) of Pcdhs or Cdhs 
were co-transfected. Immunoprecipitation were performed with HA and blots 
were probed with myc antibodies. Interactions were observed for Cdh10, 
Pcdh11x, Pcdh7 and Cdh11. Interactions were not observed for Pcdh8, Pcdh18, 
Cdh8, Cdh5, Cdh13, Cdh15, or Cdh18   
A B C 
Pcdh10 Pcdh10 Pcdh7 
Figure 17. Pcdh7 (C) is expressed in complementary pattern in E17.5 
olfactory bulb to Pcdh10 in olfactory epithelium (A). Pcdh10 expression in 
olfactory bulb (B) is not complentary to Pcdh10 expression in olfactory 
epithelium (A). 
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hydrophobic pocket, type II cadherins contain 2 tryptophans in the hydrophic pocket, 
Trp2 and Trp4 (Patel et al 2003). Perhaps this difference is amenable to heterophilic 
binding with Tyr7 which is found within the protocadherin hydrophobic pocket. 
The δ protocadherins are capable of nuclear translocation 
 The intracellular domains of some protocadherins have been reported to 
localize within the nucleus (Magg et al 2005). A nuclear localization sequence was 
identified within the cytoplasmic domain of the hFat sequence. Deletion of this NLS 
and the sequence between it and the transmembrane domain results in an inability if 
cytoplasmic hFat to enter the nucleus. Sequence alignment of hFat and the δ 
protocadherins reveals homology between the hFat NLS and a putative nuclear 
localization sequence for many of the δ protocadherins. Only Pcdh8 and Pcdh18 do 
not contain this putative NLS (Fig 18). To test if the δ protocadherins are capable of 
nuclear translocation, GFP was tagged to the intracellular domains of the δ 
protocadherins and transfected into neuro2A cells. Neuro2a cells are a neuroblastoma 
cell line which expresses a number of δ protocaderins. Strong nuclear signal was 
observed for all of the δ protocadherins except for Pcdh18 (Fig 19). Pcdh8 was not 
tested. This is consistent with the identified putative NLS in these proteins. To test if 
nuclear localization of δ protocadherins is observed in vivo, an antibody was raised 
Figure 18. Putative NLS. hFAT NLS is highlighted in yellow. 
Pcdh1,7,9,10,11,17,19 all contain similar hydrophobic sequences. Pcdh8 and 
Pcdh18 do not contain putative NLS 
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against the intracellular domain of Pcdh10. Strong nuclear signal was observed within 
the olfactory bulb, but not within the olfactory sensory neurons (Fig 20). This suggests  
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Figure 19 Pcdh cytoplasmic GFP fusions are transported to the nucleus in 
Neuro2A cells. Pcdh1(A), Pcdh7(C), Pcdh9(E), Pcdh10(G), Pcdh17(I), 
Pcdh18(K), Pcdh 19(M). These are merged with DAPI (B,D,F,H,J,L,N). 
Pcdh18 is not observed in the nucleus 
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that either olfactory sensory neurons to do not contain the molecular machinery 
required to cleave Pcdh10 and transport its intracellular domain to the nucleus, or 
Pcdh10 does not interact with proteins necessary for its cleavage.  
To test if the putative NLS was necessary for Pcdh10 nuclear translocation in N2A 
cells, we deleted this sequence. To test if the Pcdh10 NLS is sufficient for nuclear 
localization, we inserted the putative Pcdh10 NLS sequence into the Pcdh18 
cytoplasmic domain. Deletion of the Pcdh10 NLS sequence did not prevent Pcdh10 
nuclear localization. Likewise, insertion of the Pcdh10 NLS into the Pcdh18 
intracellular sequence did not cause the intracellular domain to be transported to the 
nucleus (Fig 21). Most NLS sequences contain 2 series of hydrophobic residues  
 
 
 
 
 
 
separated by a short sequence of amino acids (Dingwall et al 1988). Our putative NLS 
and the hFAT NLS contains only 1 series of hydrophobic residues. It is possible that 
To test if the putative NLS was necessary for Pcdh10 nuclear translocation in N2A 
cells, we deleted this sequence. To test if the Pcdh10 NLS is sufficient for nuclear 
localization, we inserted the putative Pcdh10 NLS sequence into the Pcdh18 
cytoplasmic domain. Deletion of the Pcdh10 NLS sequence did not prevent Pcdh10 
A B C D 
Figure 20. Cytoplasmic Pcdh10 is transported to the nucleus in vivo. 
Immunohistochemistry with an antibody raised against the cytoplastmic 
portion of Pcdh10 in olfactory bulb sections. DAPI (A), Pcdh10 green (B), 
Merge (C). AEC of Pcdh10 in the olfactory bulb. Note signal within 
subregions of nucleus 
 96 
nuclear localization. Likewise, insertion of the Pcdh10 NLS into the Pcdh18 
intracellular sequence did not cause the intracellular domain to be transported to the 
nucleus (Fig 21). Most NLS sequences contain 2 series of hydrophobic residues 
separated by a short sequence of amino acids (Dingwall et al 1988). Our putative NLS 
and the hFAT NLS contains only 1 series of hydrophobic residues. It is possible that 
other NLS sequences closer to the transmembrane domain was not deleted in our 
constructs and was sufficient to allow Pcdh10 to be transported to the nucleus. When 
testing the NLS in the hFat protein, the authors deleted all of the sequence up to the 
transmembrane domain, whereas in our construct we only deleted between 9 and 11 
residues.  
Olfactory sensory neuron innervation maintains expression of Pcdh7 and Pcdh17 in 
the olfactory bulb  
It has recently been reported that many axon guidance molecules in the olfactory 
system are regulated by neuronal activity. To test if δ protocadherins are regulated by 
neuronal activity in the olfactory bulb, we employed nasal abalation experiments. 
Within these experiments, a 5% solution of zinc sulfate was injected into one naris of 
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Figure 21 Pcdh10 NLS is not necessary or sufficient for nuclear localization. 
Pcdh10NLS was inserted into Pcdh18 (A,B). The NLS sequence was removed 
from Pcdh10 (C,D) 
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the olfactory epithelium. This causes those neurons to die and causes deinnervation of 
the olfactory bulb ipsilateral to the injection (Fig 22). Due to a reduction in olfactory 
 
 sensory neuron innervation, the cells of the olfactory bulb will experience a reduction 
in neuronal activity. Those genes whose expression is regulated by olfactory sensory 
neuron input will exhibit expression changes in the olfactory bulb ipsilateral to the 
ablated epithelium, while expression in the contralateral olfactory bulb will remained 
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Olfactory Bulb           
Control                       Ablated       
Figure 22 Nasal Ablation. Zinc sulfate is squirted into one nostril of the 
mouse nose ablating all the neurons on that side (top). OMP staining in the 
olfactory epithelium (A). Olfactory bulb in situ hybridization of GluRI (B), 
Tyrosine hydroxylase (C), Pcdh7 (D), and Pcdh17 (E).  Arrows denote 
changes in expression. 
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unchanged. We performed in situ hybridizations and compared expression levels 
between the olfactory bulbs. In situ hybridizations were performed for Pcdh7, Pcdh17, 
CTGF, MCAM, Zcsl3, tyrosine hydroxylase, and GluRI. Both Pcdh7 (Fig 22D) and 
Pcdh17 (Fig 22E) exhibited reduced signal in the deinnervated olfactory bulb. Pcdh7 
had reduced signal in the periglomerular and mitral layers. This is consistent with 
previous studies linking Pcdh7 activation with high levels of neural activity in 
olfactory sensory neurons. Pcdh17 had reduced signal in the periglomerular layer and 
no change in signal within the mitral layer. The difference in Pcdh17 regulation 
between cell layers is interesting and may provide clues towards the identification of 
cofactors involved in this process. It is important to note, that non-activity dependent 
mechanisms could be regulating these genes as well. Proteins on the axons of OSNs 
that are no longer present in the ablated epithelium could provide protocadherin 
regulatory information.  
Discussion 
Combinatorial expression of δ protocadherins is not observed in the olfactory system 
It has been suggested the neuronal identity can be defined by the differential 
overlapping expression of combinations of cadherin molecules (Redies 1997). These 
combinations create unique adhesive signatures capable of distinguishing and guiding 
the axons of neurons. The model of a combinatorial code is attractive because it 
provides a method for a relatively small number of adhesion molecules to differentiate 
a large population of neurons. The olfactory system seems ideally suited for a 
combinatorial code, because 1200 unique identities must be created in order for proper 
topographical targeting to occur. We have shown that 7 of the δ protocadherins are 
expressed within subsets of neurons within the olfactory epithelium. Furthermore, 8 of 
the δ protocadherins are expressed within novel domains of the developing olfactory 
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bulb. In addition we and others find that the δ protocadherins often expressed in 
subsets of cells within other neural structures.   
Our data suggests that the combinatorial model does not apply to the δ 
protocadherins in the olfactory system. We predicted that δ protocadherins would 
exhibit combinations of coexpression. We found that δ protocadherins appear to 
delineate separate populations of olfactory sensory neurons. We predicted that 
olfactory sensory neurons expressing the same olfactory receptor would express the 
same combinations of δ protocadherins. We find that olfactory sensory neurons 
expressing the same olfactory receptor no not express the same combinations of δ 
protocadherins. Instead olfactory sensory neurons expressing the same olfactory 
receptor express different δ protocadherins.  
Heterophilic cell adhesion of δ protocadherins 
Within one model of olfactory sensory neuron axon guidance, olfactory 
sensory neurons expressing a protocadherin will bind to corresponding protocadherins 
within the olfactory bulb. Since dorsal ventral positioning within the olfactory 
epithelium is maintained in the olfactory bulb a homophilic binding model predicts 
that protocadherin expression in olfactory epithelium should mimic expression in the 
olfactory bulb along the dorsal ventral axis. While this is true for some protocadherins, 
such as Pcdh1, Pcdh7, Pcdh9, Pcdh18, and Pcdh19, this model does not hold true for 
the other δ protocadherins. For example, at E17.5 Pcdh8, Pcdh10, and Pcdh17 are 
dorsally expressed within the olfactory epithelium. However Pcdh8 and Pcdh10 are 
uniformly expressed in the olfactory bulb and Pcdh17 is ventrally expressed. In 
addition, Pcdh11x is expressed ventrally within the olfactory bulb and is not expressed 
within the olfactory epithelium. Therefore, if these δ protocadherins function in cell 
adhesion between olfactory sensory neurons and the olfactory bulb, they must have 
heterophilic binding partners. Indeed we identify heterophilic binding between Pcdh10 
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and Pcdh7 which is more consistent with the dorsal expression observed for Pcdh10 in 
the olfactory epithelium and dorsal expression of Pcdh7 in the olfactory bulb at E17.5 
These results identify an added layer of complexity to protocadherin binding. 
Although heterophilic binding has been reported between classical cadherins and 
Pcdh15 and Pcdh8, this is the first report of heterophilic binding between different 
protocadherins. This raises 2 important questions. The first is whether these 
interactions occur in trans or in cis. This is vitally important to understand the ultimate 
function of these protocadherins. For example, pcdh8 interactions with classical 
cadherins occur in cis and cause a downregulation of cadherin binding. Therefore the 
function of Pcdh8 is to alter the binding of other cadherins and not to bind directly 
itself (Chen et al 2008, Yasuda et al 2007). This is consistent with the weak 
homophilic binding observed for Pcdh7, Pcdh8, and Pcdh10 (Yamagata et al. 1999, 
Yoshida 2003, Bononi et al 2008, Hirano et al 1999). The second question is the 
relative strengths of these interactions. Pcdh15 binding to Cdh23 is stronger than 
Pcdh15 homophilic binding and occurs in trans (Kazmierczak et al  2007). Therefore 
Hulpiau et al 2009 
Figure 23. Structure of EC1 domain of cadherins (top) and protocadherins 
(bottom). Cadherins utilize a tryptophan residue located in a hydrophobic 
pocket. Protacadherins have a tyrosine residue that is not in a hydrophobic 
pocket 
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it is important to understand the relative strengths of these interactions to properly 
understand the implications. 
Structural studies reveal that protocadherins bind differently than classical 
cadherins. Classical cadherins utilize a Trp2 residue located within a hydrophobic 
pocket of the first cadherin repeat (EC1) (Boggon et al 2002). Protocadherins do not 
contain this Trp residue, but instead contain a conserved n-terminal tyrosine residue 
which is also buried in a hydrophobic pocket (Fig 23) (Morishita et al 2006). 
Protocadherins contain a number of conserved cysteine residues. For Pcdh8, these 
cysteine residues are required for proper homotypic oligomerization, as well as 
glycosylation and trafficking. The conserved tyrosine residue, however is not required 
for oligomerization, glycosylation, or trafficking (Chen et al 2007). Interestingly, 
Pcdh8 homophilic binding was found to be stronger without the intracellular domain 
(Chen et al 2006). To date the requirement of this tyrosine residue in protocadherin 
binding has not been reported, although Cdh23/Pcdh15 binding occurs n-terminally. 
This raises the possibility that Tyr7 may play a role in strong heterophilic cell 
adhesion between classical cadherins and protocadherins. 
This suggests a model in which the function of δ protocadherins occurs within 
a subpopulation of olfactory sensory neurons expressing the same olfactory receptor. 
IP- HA (Kelch Like 8) 
Blot- Myc (Actin) 
IgG 
IP- Myc (Pcdh10) 
Blot- HA (Kelch Like 8 
Kelch Like 8 
Beta 
Actin 
Gamma  
Actin 
Figure 24 Cytoplasmic Pcdh10 interacts with Kelch like 8 (left) 
coimmunoprecipitation. Kelch like 8 interacts with beta and gamma actin (right) 
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One intriguing possibility is the guidance of olfactory sensory neurons to either a 
medial or lateral glomerulus. In this scenario, we expect less than 50% overlap. 
Another possibility is the refinement of ectopic synapses. When the axons of olfactory 
sensory neurons first converge they form multiple ectopic glomeruli. These are refined 
into a single mature glomerulus. If the δ protocadherins are only expressed in ectopic 
glomeruli or mature glomeruli, we would expect less than 100% overlap. Although the 
molecular basis of glomeruli refinement is unknown, it is an activity dependent 
process. A role for δ protocadherins in glomerular refinement is consistent with the 
expression of these genes in only mature olfactory sensory neurons. 
Intracellular signaling 
Strong adhesive properties have not been reported for δ protocadherins, 
suggesting the possibility of a role of these proteins separate from cell adhesion. In 
contrast to classical cadherins and clustered protocadherins, the δ protocadherins are 
most variable in their intracellular regions. This lends itself to a model in which the 
function of these proteins centers on intracellular signaling properties. Indeed, a 
number of protocadherin intracellular interacting proteins have been identified. 
Protein phosphatase 1 alpha interacts with all δ1 protocadherins through the common 
motif CM3 (Vanhalst et al 2005). Taf1 is required for Pcdh7 mediated axonogenesis 
in xenopus retinal cells (Piper et al 2006). Pcdh8 interacts with frizzled 7 to activate 
rho, jnk, and PKC (Unterseher et al 2004). Pcdh10 interacts with Nap1 to activate 
WAVE1 actin dynamics (Nakao et al 2008) and Pcdh18 interacts with disabled to 
induce cytoskeletal changes (homayouni et al 2001). In addition, our lab has 
discovered a number of intracellular binding partners for Pcdh10 including kelch like 
8 which we find interacts with beta and gamma actin (Fig 24). In recent years a 
number of δ protocadherins have been implicated in tumor suppression (Yu et al 2008, 
Imoto et al 2006, Ying et al 2006, Huang et al 2009). The promoters of these pcdhs 
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becomes heavily methylated and silenced in a variety of tumor types. Although 
adhesive properties have been implicated in tumor suppression (Hirohashi 1998), 
reexpression of these protocadherins affect cell cycle and cell turnover (Ying et al 
2006).  
Our in vitro data confirms that δ protocadherins are capable of intracellular 
nuclear localization. Furthermore, we observe nuclear localization of the cytoplasmic 
domain of Pcdh10 within the olfactory bulb. It has been reported that the intracellular 
domains of gamma protocadherins (Hambsch et al 2005) and E-cadherin (Ferber eta 
2008) are cleaved and transported to the nucleus. In zebrafish, inhibition of pcdh alpha 
cleavage and its subsequent nuclear translocation causes neuronal death (Emond et al 
2008). Interestingly, cleavage of the intracellular domains of the gamma 
protocadherins causes a non specific upregulation of other gamma protocadherins 
(Hambsch 2005). ). While the role of δ protocadherins in the nucleus remains to be 
determined, preliminary microarray analysis of intracellular domain overexpression 
suggests that δ protocadherin nuclear transport may also upregulate the expression of 
other δ protocadherins (see appendix). 
Neuronal Activation 
Understanding how axon guidance molecules are regulated is especially 
important within the olfactory system. The level of spontaneous activity of the 
olfactory receptor has been implicated in the regulation of axon guidance molecules 
within the olfactory epithelium (Imai et al 2007). Our studies reveal that at least 3 of 
the 9 δ protocadherins are regulated by neuronal activity. In one study, over 50 genes 
were reported to be correlated with olfactory sensory neurons with high levels of the 
second messenger, cAMP (Imai et al 2009). Two of these molecules are Pcdh7 and 
Pcdh19. Pcdh7 is correlated with high levels of cAMP and Pcdh19 is correlated with 
low levels of cAMP. The regulation of δ protocadherins by neuronal activity has been 
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observed in other neural structures as well. Pcdh8 is rapidly induced within the 
hippocampus following neuronal activity and plays a role in synapse suppression 
(Yasuda et al 2007). Pcdh9 is also induced following neuronal activation in the 
hippocampus and this induction is dependent on Creb (Zhang et al 2009). Therefore 6 
of the 9 δ protocadherins have been reported to be regulated by neuronal activity. 
This raises the important question of what the molecular basis of this 
regulation is. Within the olfactory system, the second messenger, cAMP has been 
implicated. However a role for calcium and NMDA channels is important in other 
system. In addition, many downstream effectors need to be identified. Within 
olfactory sensory neurons this process is likely to be tightly regulated, as this model 
relies on subtle differences in the spontaneous activity of over 1200 different olfactory 
receptors to differentiate the expression of these molecules.  
δ protocadherins and activity dependent synaptic suppression 
 Collectively our data is consistent with a model in which δ protocadherins 
function to suppress synapses within ectopic glomeruli. There are not many functions 
that would require genes to be expressed within a subset of olfactory sensory neurons 
expressing the same olfactory receptor. One of these functions is to refine 
inappropriate glomeruli. It is known that the olfactory bulb provides trophic support 
for olfactory sensory neurons (Schwob et al 1992). It therefore seems feasible that 
olfactory sensory neurons that mistarget the olfactory bulb will not receive the 
appropriate support and be removed. However, olfactory activity is required for 
glomerular refinement (Nakatani et al 2003). Therefore, there must be a molecular 
mechanism for activity dependent suppression of synapses at ectopic sites of 
innervation. The δ protocadherins seem ideally suited for this task. They are expressed 
in only mature neurons, which is when glomerular refinement occurs. They are 
regulated by activity. They are expressed within a subset of neurons expressing the 
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same olfactory receptor and they interact with synaptic cadherins such as Cdh11 and 
Cdh2 (Pcdh8 interacts with Cdh2 and Cdh11). Within this model the binding of δ 
protocadherins to synaptic cadherins reduces synapse formation. In fact, knock out of 
Pcdh8 causes an increase in dendritic spine number within hippocampal neurons 
(Yasuda et al 2007). This phenotype is rescued by inhibiting Cdh2. These results show 
that at least one δ protcadherin functions to suppress synapses in an activity dependent 
manner. 
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METHODS 
 
Animals 
Swiss-Webster mice were used for all experiments. The day a vaginal plug was 
observed was day P0.5. All protocols were approved by the Cornell IACUC. 
 
Diaphorase Activity Assay 
E17.5 olfactory bulb tissue was embedded in OCT and 20um sections were collected 
coronally. Slides were washed in 100mM Tris-HCL pH 8.0, incubated for 60 minutes 
at 37C in 1mM B-NADPH,0.3% Triton X-100, 1.5mM L-arginine, 1mM NBT, 
100mM Tris-HCl pH 8.5. Slides were fixed, counterstained with DAPI and mounted. 
 
In situ hybridization 
Hybridization to sections was essentially as described. Fixed sections were treated 
with 10 μg/ml proteinase K prior to hybridization at 60°C. Double label in situ 
hybridization was performed with digoxigenin and biotin-labeled probes and detected 
using the Fast Red/ HNPP substrate or the TSA Renaissance kit as per manufacturer's 
instructions. Fluorescent images were obtained using confocal microscope.  
 
Statistical data 
OMP vs δ delta protocadherins: 6 sections were analyzed for coexpression with 
Pcdh7, Pcdh8, Pcdh9, and Pcdh19. Over 25 sections were analyzed for coexpression 
of OMP with Pcdh1, Pcdh10, and Pcdh17. 
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Coexpression of δ protocadherins: The number of cells counted were: Pcdh1 (97-134), 
Pcdh7 (42-261), Pcdh8 (201-341), Pcdh9 (156-191), Pcdh10 (431-1096), Pcdh17 
(201-302), Pcdh19 (100-131) 
 
ORs vs δ protocadherins: The number of cells counted were: MOR18-1(29-57), 
MOR18-2 (25-298), MOR18-3 (23-58), MOR14-1(21-42), M72(30-42), P2(25-52), 
SR1 (15-66), MOR28(58-80) 
   
Ablation 
A solution of 5% zinc sulfate in PBS was injected using a 1 ml hypodermic syringe 
drawn out to produce a thin, flexible tube that can be easily inserted into the nares. 
Mice were anesthetized with isofluorane prior to instillation of 50–75 μl of zinc sulfate 
solution. 
 
Three-dimensional reconstruction 
In situ hybridization data from E17.5 coronal sections were obtained for each gene 
every 60–80 μm along the AP extent of the bulb. The expression patterns for multiple 
bulbs were compared against one another, and were found to be similar. We therefore 
performed reconstructions using data from an individual bulb hybridized with any 
given probe. Images from hybridized sections were imported into Adobe Photoshop, 
and regions of high expression were selected and enhanced. These enhanced images 
were combined using ImageJ to create individual stacks of images corresponding to a 
given gene. A projection of the stacked images was then generated to produce a three-
dimensional pattern of gene expression. These projections were then superimposed 
upon a cartoon depiction of the bulb to produce the final image. 
Phylogenetic analysis of nonclustered δ protocadherins 
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Protein sequences were aligned using MegAlign LaserGene Software. Nonclustered 
Protocadherin sequences were downloaded from NCBI and analyzed by 
hydrophobicity plot using LaserGene Protean Software. Cytoplasmic and Extracellur 
domains were analyzed separately. Sequences were aligned using ClustalW with 
PAM250 residue weights. Trees were created using MegAlign software 
 
Coimmunoprecipitation 
Constructs were tagged with Myc or HA and transfected into N2A or HEK cells. 1ug 
of DNA was combined with 5ul of Lipofectamine and incubated at room temperature 
for 15 minutes. The mixture was added to the cells dropwise. The cells were incubated 
for 4-24hours and the media changed After 48 hours cells were harvested in (150mM 
NaCl, 50mM Tris pH 7.5, 1mM EDTA, 1% triton, 0.05%SDS). Lysates were 
precleared for 1 hour at 4C with 25ul of Santa cruz A/G beads. 2ul of Myc or HA 
antibody was added to lysate for 2 hours at 4C, 25ul of A/G beads were added and 
incubated overnight. Beads were washed 4X with lysis buffer and run on SDS PAGE 
gel for western blot.  
 
Immunohistochemistry 
Tissue was fixed over night in formalin and embedded in paraffin. 4um sections were 
collected and deparaffinization with ethanol gradient and xylenes. Slides were 
microwaved for 45 minutes in 10mM sodium citrate buffer pH 6.0. Slides were 
washed in TBST and blocked in TNB blocking reagent for 1 hour. OL antibody was 
applied overnight at 4C at 1:100 dilution. HRP Goat anti rabbit was added at 1:200 for 
1 hour at 37C. Slides were reacted with AEC or amplified and visualized with TSA 
Renaissance kit using Steptavidin alexaflour 488 antibody. 
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Nasal Closure 
P0 mice were chilled on ice and cauterized using soldering iron at 300 C for 1 second 
on one nostril. Mice were allowed to recover and put back with mom. If naris opened 
after 5-7 days, recauterization was applied. Mice were sacrificed 20-22 days after 
initial closure. Nasal epithelium was dissected, and embedded for in situ hybridization. 
 
GFP Fusions 
The intracellular domains of the δ protocadherins were cloned into EGFP-N1 
construct and transfected into neuro2A cells. 1ug of DNA was combined with 5ul of 
Lipofectamine and incubated at room temperature for 15 minutes. The mixture was 
added to the cells dropwise. The cells were incubated for 4-24hours and the media 
changed. The cells were fixed in 4% PFA for 5 minutes and DAPI was applied in 
PBS. Cells were mounted and photographed using confocal microscope. 
 
Western Blot Analysis 
Olfactory epithelium from animals were dissected, frozen in liquid nitrogen, and 
stored at -80C. Tissue was homogenized in lysis buffer (PBS, 1% SDS, 0.1% Triton 
X-100). Homogenized tissue was sonicated to complete resuspension. Sample buffer 
was added, samples were boiled for 5 minutes and loaded onto 7.5% SDS Page gels. 
Gels were transferred and blocked for 1 hour at RT in 5% nonfat dried milk. Blots 
were washed 3X in TBST. Blots were probed with Pcdh10 antibody at 1:2500 dilution 
in 1% nonfat dried milk in TBST. Blots were washed 3X TBST. 2
ndary 
antibody (HRP 
Goat anti Rabbit) were added at 1:5000 dilution in 1% nonfat dried milk in TBST. 
Blots were washed 3X with TBST and reacted with ECL kit (Amersham). 
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CHAPTER 4 
 
Protocadherin 10 is an axon guidance molecule in the olfactory system that is 
regulated by PKA and CamKII 
Introduction 
  We have identified a gene family, the δ protocadherins, whose expression is 
consistent with a putative role in axon guidance. First, they are expressed within 
subsets of neurons within the olfactory epithelium. Second, they are expressed within 
subdomains of the olfactory bulb during the developmental time points when olfactory 
sensory neurons are first reaching and converging into their glomerular structures. In 
addition these genes appear to be regulated by neuronal activity which is consistent 
with previous studies linking olfactory receptor activity and the expression of axon 
guidance molecules. Within this study, we focus on one δ protocadherin, Pcdh10 to 
assess its role in olfactory sensory neuron axon guidance. 
Mice lacking Pcdh10 exhibit axon guidance defects in striatal, corticothalamic, 
thalamocortical, and cortical spinal neurons. Striatal and cortical cultures from Pcdh10 
KO mouse fail to extend neurites. Interestingly, corticothalamic and thalamocortical 
defects are observed at E13.5 and E14.5 before Pcdh10 is normally expressed in these 
tissues. The author’s hypothesize that failure of striatal neurons to extend at E12 
results in a failure in subsequent axon guidance information for corticothalamic, 
thalamocortical, and corticospinal projections neurons (Uemura et al 2007). Based on 
these studies and our expression analysis, we identify Pcdh10 as a good candidate 
axon guidance molecule in the olfactory system. 
  Within the olfactory system, the regulation of axon guidance molecules 
through differential spontaneous olfactory receptor activity is vitally important for 
proper targeting. Within the current model, spontaneous activity of olfactory receptors 
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regulates axon guidance molecules through differential accumulation of the second 
messenger cAMP. How cAMP regulates axon guidance molecules remains largely 
unexplored. Using in vivo and in vitro techniques we begin to dissect the molecular 
mechanism by which Pcdh10 is regulated and identify Ca2+/calmodulin dependent 
kinase II as important for its activation and PKA for its repression. We propose a 
model in which PKA and cAMKII work in concert to regulate the expression levels of 
axon guidance molecules within the olfactory system. 
The intracellular domain of Pcdh10 interacts with the Nap1/Wave1 complex. 
This interaction is activated in the U251 astrocytoma cell line upon cell junctions. The 
authors suggest homophilic binding underlies activation. Activation of Pcdh10 causes 
F-actin remodeling and subsequent relocalization of N-cadherin. Ectopic expression 
of Pcdh10 in U251 cells causes locomotor defects. Interestingly, N-cadherin knock 
down mimics the locomotor defects observed by ectopic expression of Pcdh10. 
Furthermore, Pcdh10 causes mislocalization of N-cadherin (Nakaeo et al 2008). This 
is surprisingly similar to experiments performed with Pcdh8. In these experiments, 
knockdown of Pcdh8 increased the number of dendritic spines in hippocampal 
neurons. This increase in dendritic spine number was rescued through knockdown of 
N-cadherin. Therefore, activation of Pcdh8 causes a reduction in synaptic strength 
through the internalization of N-cadherin (Yasuda et al 2007).  
Both Pcdh8 and Pcdh10 play a role in the relocalization of N-cadherin. We 
have also identified two novel Pcdh10 cadherin heterophilic binding interactions 
(chapter 3). One of these interactions, Cdh11 a synaptic cadherin (Manabe et al 2001), 
has been shown to bind Pcdh8 (Yasuda et al 2007). In addition Cdh11 can itself bind 
to N-cadherin (Straub et al 2005). Furthermore, Pcdh8 and N-cadherin are also 
regulated by activity in hippocampal cells (Yasuda et al 2005,Tai et al 2007). 
Therefore activity based activation of Pcdh10 and the other δ protocadherins may 
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function to regulate classical cadherin binding at synapses and during initial axon 
outgrowth. 
Results 
Pcdh10 is dynamically expressed within the olfactory system 
In situ hybridization of Pcdh10 expression reveals differential expression 
within the olfactory bulb at E14 (Fig1A). By E17, the expression is uniform and 
Pcdh10 expression remains uniform throughout adulthood (Fig 1B,1C,1D). Pcdh10 
expression within the epithelium begins after E14 (Fig 1I). Pcdh10 is expressed within 
subsets of neurons in the olfactory epithelium with more neurons expressing Pcdh10 
E14                 E17                   P3              8wk 
E14                 E17               P3                3wk           8wk 
E14                 E17                   P3 
A B C D 
E 
I J K 
F G H 
D 
V 
M L 
L M 
Figure 1 Pcdh10 expression in the olfactory system- In situ hybridization. 
(A) E14.5, (B)  E17.5, (C) P3 , (D) 8wk expression of Pcdh10 in the 
olfactory bulb. (E) Unifrom control (GAP43) in the olfactory bulb at E14. 
(F) Uniform control (Pcdh18) in the olfactory eptithelium at (F) E14.5, (G) 
E17.5, and (H) P3. Expression of Pcdh10 in the olfactory epithelium at (I) 
E14.5, (J) E17.5, (K) P3, 3wk (L), and (M) 8wks. 
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within the dorsal zone of the olfactory epithelium by E17.5 (Fig 1J). Double 
fluorescent hybridization with various olfactory receptors and Pcdh10 reveals a range 
of coexpression from 6% to 42% at E17.5 (Fig 3). As the animal ages, the expression 
within the dorsal medial zone of the olfactory system is reduced (Fig 1K). By 3 weeks 
of age high expression is observed within the most ventral region of the olfactory 
epithelium (Fig 1L,1M). This switch in zonal expression suggests separate functions 
for Pcdh10 during early development and adulthood.  
To assess Pcdh10p localization within the developing olfactory system, an 
P7 
P7 
P7 
E17.5 P7 
A B C 
D E F 
G 
H I J 
Figure 2 Immunohistochemical analysis of Pcdh10 in the olfactory system. P7 
glomerular staining of Pcdh 10p (A), DAPI stain (B), and merge (C). E17.5 
Pcdh10p in nerve layer (D) and magnified box (E). Nuclear Pcdh10p in mitral 
layer (F) and magnified view (G). Pcdh10p localization in cell bodies of  P7 
olfatory epithelium (H) middle, (I) postior, (J) more posterior 
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Figure 4 Pcdh10 Trangene. 5.4kB of rat OMP promoter drives the expression 
of full length Pcdh10. An internal ribosome entry site follows Pcdh10, 
followd by EGFP and a polyA sequence. 
antibody was raised against an intracellular region of Pcdh10. Immunohistochemistry 
reveals that Pcdh10p is localized to specific regions of the olfactory nerve layer in 
E17.5 animals (Fig 2D,2E) indicated that Pcdh10 positive cells coalesce before 
converging within the olfactory bulb. By postnatal stages, Pcdh10p is localized within 
subsets of glomeruli within the olfactory bulb (Fig 2A, 2B, 2C). Staining within 
olfactory sensory neuron cell bodies is observed within the ventral region of the 
olfactory epithelium. Interestingly, dorsal expression is not observed within the 
olfactory epithelial cell bodies (Fig 2H, 2I, 2J) Nuclear signal is detected within the 
mitral layer of the olfactory bulb (Fig 2F, 2G). Pcdh10p positive glomeruli are 
observed throughout the entire olfactory bulb at early postnatal stages (Fig 2F). As the 
animal ages, glomeruli are localized to more ventral posterior regions of the olfactory 
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Figure 3 Percent coexpression of Pcdh10 and olfactory receptors. Double 
fluorescent in situ hybridization of Pcdh10 and olfactory receptors. 
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A B C 
Wt Pcdh10                   OMP                    Tg Pcdh10       
WT   TG    TG  TG 
bulb which is consistent with the switching of Pcdh10 positive cells from more dorsal 
to ventral regions of the olfactory epithelium as observed by in situ hybridization. 
These results confirm that Pcdh10 is expressed in the axons of olfactory sensory 
neurons that project to subsets of glomeruli. Interesting, we did not observed Pcdh10p 
within the nerve layer after birth. This may reflect the restriction of Pcdh10p to growth 
cones and synapses. 
Misexpression of Pcdh10 causes mistargeting of SR1 olfactory neurons 
 Because of the large number of axon guidance molecules present within the 
olfactory system, including other non clustered protocadherins, we predicted that 
Pcdh10 and an IRES EGFP cassette (Fig 4). We expected the expression of Pcdh10 to 
switch from a subset of mature olfactory sensory neurons to all mature olfactory 
sensory neurons. However, expression of Pcdh10 was not found in all mature 
olfactory
Figure 5. P3 olfactory epithelial expression of (A) Wt Pcdh10, (B) Wt  OMP, 
and (C) transgenic Pcdh10. 
Figure 6. Pcdh10 is upregulated in olfactory epithelium of transgenic mice. 
Western blot. Arrow points to 140kDa Pcdh10. 
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sensory neurons in any of the 4 lines analyzed (Fig 5C). This is likely caused by 
mechanisms associated with the insertion sites of the transgenes. However, it is 
possible that regulatory mechanisms prevented the efficient overexpression of Pcdh10. 
Indeed, it has been observed that overexpression of olfactory receptors cannot be 
obtained using the OMP promoter. Luckily, 2 of the lines expressed Pcdh10 within 
sets of olfactory neurons that do not normally express Pcdh10 during development.
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Figure 8. General olfactory markers are unaltered in transgenic animal. 
Transgenic in situ hybridications are on top row (A-E) and wildtype on bottom 
row (F-J). OMP (A,F), CNGA2 (B,G), OCAM (C,H), M65 (D,I), SR1 (E,J) 
A                            B     
Tg   GFP               Wt Pcdh10 
Figure 7. Pcdh10 is not grossly misexpressed in the adult olfactory epithelium in 
transgenic animals. Arrows point to ventral lateral expression of Pcdh10 in both 
wt and transgenic animal. 
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Within these lines, we found no difference in dorsal ventral position within the 
olfactory epithelium as observed by OCAM (Fig 8C, 8H) in situ hybridization. In 
addition, OMP and cyclic nucleotide gated ion channel expression was unchanged 
indicating that Pcdh10 did not change maturation rates or olfactory signaling 
 
A B 
Dorsal View             Ventral View        
Figure 9. Whole mount GFP from adult transgenic animals. Dorsal view (A) 
and ventral view (B) 
Wt Tg 
E17 Pcdh10                E17 Pcdh10 
A B 
Figure 10. Fluourescent in situ hybridization of Pcdh10 in E17.5 olfactory 
epithelium of wild type (A) and transgenic animal (B). The SR1 “zone” is 
highlighted. 
Figure 11. Coexpression of Pcdh10 and olfactory receptors in wildtype (red) 
and transgenic animals (blue) in E17.5 olfactory epithelium. 
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components (Fig 8A,8B,8F,8G). In addition, no difference was observed for over 50 
different olfactory receptors in these animals (Fig 8D,8E,8I,8J). Western blot analysis 
revealed that expression levels of Pcdh10 are increased within the olfactory epithelium 
in the mutant (Fig 6). 
Both of these line exhibit identical expression patterns of the transgene by in situ 
hybridization. In these animals Pcdh10 is expressed more ventrally within the 
olfactory epithelium at E17 and P0 (Fig 10). Interestingly, the expression pattern for 
Wt 
 
Tg 
SR
1 
SR1 
SR
1 
Wt 
A B 
C D 
t 
SR1 
Tg 
SR1 SR1 
t 
Tg 
E16.5                                     E17.5 
SR1 
Figure  12. SR1 olfactory sensory neurons are misrouted during early convergence 
in the Pcdh10 transgenic animals. Whole mount lacZ staining from SR1 knockin 
mice at E16.5 (A,C) and E17.5 (B,D). Pcdh10 transgenic animals are on top row 
(A,B) and wild type litter mates on bottom (B,D). 
A B 
C D 
P2 P2 
SR1 SR1 
P0     Wt                              Tg    
Figure 13. Whole mount LacZ staining of P2(A,B) and SR1(C,D) neurons in 
P0 wildtype (A,C) and Pcdh10 transgenic animals (B,D) 
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Pcdh10 in both lines was indistinguishable between wild type and transgenic animals 
in the adult (Fig 7). GFP visualization of whole mount olfactory bulbs revealed that 
the transgene is expressed in neurons that coalesce into 2 bilaterally symmetric ventral 
locations within the olfactory bulb (Fig9). Double fluorescent in situ hybridization at 
E17.5 reveals that the percentage of neurons expressing Pcdh10 and SR1 is 
dramatically altered. 53% of the SR1 neurons express Pcdh10 in the transgenic animal 
at E17.5, while only 6% of SR1 neurons express Pcdh10 in wild type animal (Fig 11).  
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Figure 14. Quantification of interglomerular distance in transgenic (left) 
and wild type animals. Olfactory bulb were stained for lacZ and sectioned 
along anterior/posterior axis (top), medial/lateral (middle) and (bottom) 
dorsal ventral axes. There was a statistically significant difference (P<0.05) 
for anterior/posterior and medial/lateral axes between wildtype and 
transgenic animals. 
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Interestingly the coexpression rates for the P2 olfactory receptor remains the same 
between wild type and transgenic animals. Since reporter strains exist for P2 and SR1 
A B C 
D E F 
I H G 
Contactin4 
Pcdh10 
Pcdh10 
Pcdh10 
PlexinA1 
Nrp1 
Merge 
Merge 
Merge 
J K L 
O N M 
Merge 
Merge Kirrel2 
Kirrel3 Pcdh10 
Pcdh10 
Figure 15. Coexpression of Pcdh10 and activity regulated olfactory axon 
guidance  molecules in E17.5 olfactory epithelium. (A) Contactin4 (green), (B) 
Pcdh10 (red), (D) Pcdh10 (green), (E) Plexin A1 (red), (G) Pcdh10 (green), 
(H) Nrp1 (red), (J) Kirrel2 (red), (K) Pcdh10 (green), (M) Kirrel3 (red), (N) 
pcdh10 (N). Merged images are round at end of rows (C,F,I,L,O). Significant 
overlap is observed with Pcdh10 and Kirrel2. 
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olfactory neurons, we could assess the effect of overexpression of Pcdh10 on axon 
guidance. 
We observed 2 major effects of Pcdh10 misexpression within SR1 olfactory 
sensory neurons. We looked at initial convergence of olfactorysensory neurons which 
occurs at E16.5 for SR1. We observed a reduction in the number of SR1 axons 
converging within the olfactory bulb in the transgenic animals (Fig 12A,12C)). At 
E17.5, more converging axons are observed, but the intensity is still reduced relative 
to wild type litter mates (Fig 12B,12D). In addition, the interglomerular distance 
between the medial and lateral glomeruli is reduced in the mutant.  
At P0, the numbers of converging SR1 glomeruli appear to be the same 
between wild type and mutant animals, however the interglomerular distance remains 
reduced (Fig 13C,13D). This distance was quantified by sectioning the olfactory bulb 
along the anterior posterior, medial lateral, and dorsoventral axes (Fig 14). In wild 
type animals, the medial and lateral glomeruli are located on the same plane along the 
dorsal ventral axis and therefore should not have any interglomerular distance. This 
Figure 16 Model of olfactory axon guidance molecule regulation. Olfactory 
receptor activity regulates cAMP levels through Gs or Golf. cAMP activates 
PKA or CNG which activates or represses various axon guidance molecules. 
Global axon guidance molecules are regulated via Gs and PKA. Local axon 
guidance molecules are regulated via Golf and CNG. 
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was observed in both wild type and mutant animals. However, the number of sections 
between the medial and lateral glomeruli was significantly reduced within the mutant 
along both the anterior posterior and medial lateral axes. Within the adult mouse, the 
number of SR1 axons and the interglomerular distance was the same between wildtype 
and mutant. This may reflect the identical Pcdh10 expression patterns observed 
between wild type and mutant animals in the adult. 
These results point toward an instructive role for Pcdh10 in olfactory sensory 
neuron axon guidance. The lack of convergence observed in early development and 
the mistargeting of SR1 neurons is consistent with the known role of Pcdh10 in striatal 
neuron axon guidance (Yosida et al 2005). The initial reduction in the number of 
converging axons likely reflects a reduction in the number of properly targeted axons. 
A 
B 
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Pcdh10 
Kirrel2 
Kirrel3 
OMP 
GAP43 
OCAM 
  Nasal  
Closure 
  Nasal  
Closure Control Control 
Figure 17. Nasal closure. One nostril is blocked (top cartoon). In situ 
hybridations showing open (left) and closed (right) epithelium: (A) Pcdh10, 
(B) Kirrel2, (C) Kirrel (3), (D) OMP, (E) GAP43, (F) OCAM 
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This phenotype is also consistent with an increased level of synaptic suppression 
within these axons.  
Pcdh10 is coexpressed within Kirrel2 
Within the olfactory system, subtle differences in spontaneous olfactory 
receptor activity regulate the expression of a wide array of axon guidance molecules. 
This signaling mechanism is able to create over 1200 unique axon identities. 
To date Kirrel2, kirrel3, EphA5,EphrinA5, Npn1, and PlexinA5 have all been 
identified as being regulated by olfactory receptor activity (Imai et al 2006, Serizawa 
et al 2007, Imai et al 2009). Within this model, the second messenger cAMP is pivotal. 
Kirrels and Ephrins are regulated by cAMP through the CNG channel. Npn1 and 
Plexins however are regulated by PKA (Imai et al 2007)(Fig 16). We predict that if 
Pcdh10 is regulated by activity in similar manner to these axon guidance molecules, 
they should be coexpressed at some level. Double fluorescent in situ hybridization 
reveals very strong coexpression between Kirrel2 and Pcdh10 (Fig 15J, 15K, 15L). 
This level of coexpression was not observed for other axon guidance molecules (Fig 
15). Kirrel2 is expressed in cells that express high levels of cAMP and is thought to be 
regulated through the CNG channel. Interestingly, Pcdh10 is expressed within a subset 
of Kirrel2 positive cells. This indicates that within the olfactory sensory neurons 
expressing high levels of cAMP different regulatory mechanisms exist to distinguish 
Kirrel2(+),Pcdh10(+) vs. Kirrel2(+), Pcdh10(-) cells. This could be accomplished 
through different thresholds between Kirrel2 and Pcdh10 for cAMP mediated 
transcription or through unidentified regulators.  
Nasal Closure causes upregulation of Pcdh10 
Imai et al 2007 
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The activity of the CNG channel can be reduced in postnatal mice through 
nasal closure. Within these experiments, one naris is closed causing a reduction in 
CNG channel activity in those neurons. The other nostril remains open. These neurons 
have normal neuronal activity. Since Kirrel2 and Kirrel3 are regulated via the CNG 
channel, nasal closure can be used to assess their regulation. In these experiments, 
nasal closure causes a down regulation of Kirrel2 and an upregulation of Kirrel3. We 
performed nasal closure experiments to observe if Pcdh10 is regulated in a similar 
Naris 
Closed 
Naris 
Open 
Pcdh10 expression 
Figure 18 Real time PCR for Pcdh10 in nasal closure epithelium. Epithelium half 
from closed naris (red) and open naris (blue) 
A B C 
D E 
Pcdh10 / Kirrel3 
E17 P0 P7 
P16 6wk 
Figure 19 Timecourse of coexpression of Kirrel3 and Pcdh10. (A) E17.5, (B) 
P0, (C) P7, (D) P16, and (E) 6wks. No  increase in coexpression is obseved  
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fashion. In situ hybridizations for Pcdh10, Kirrel2, and Kirrel3 were performed on the 
olfactory epithelium 3 weeks after nasal closure. Since Pcdh10 and Kirrel2 are 
coexpressed within the olfactory epithelium, we predicted that nasal closure would 
result in a decrease of Pcdh10 transcription. Surprisingly, we found more Pcdh10 
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Figure 20. Timecourse of coexpression of Kirrel2 and Pcdh10. (A) E17.5, (B) 
P0, (C) P7, (D) P16, and (E) 6wks. Significant overlap is observed at all ages. 
(F) Coexpression of Pcdh10 and PlexinA1 at P7. 
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C D 
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Closed 
Naris 
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Pcdh10/Kirrel2 Pcdh10/Kirrel3 
Figure 21 Coexpression of Pcdh10 with Kirrel 2 (A,C) and Kirrel3(B,D) in 
nasal closure mice. Olfactory epithelium from open naris (A,B) and closed 
naris (C,D). No increase in Pcdh10/Kirrel3 coexpression is observed in 
closed naris. 
F 
P7 
Pcdh10 / PlexinA1 
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positive cells in the occluded nasal epithelium (Fig 17A). The increased number of 
Pcdh10 positive cells occurred mainly within the dorsal medial zone of the olfactory 
epithelium. As predicted by previous groups, Kirrel2 was reduced (Fig 17B) and 
Kirrel3 was increased (Fig 17C). OMP, a marker for mature olfactory sensory neurons 
(Fig 17D) (Farbman et al 1980), GAP43, a marker for immature olfactory sensory 
neurons (Verhaagen et al 1989)(Fig 17E), and OCAM, a ventral marker of the 
olfactory epithelium (Yoshihara et al 1997)(Fig 17F) were all unchanged. The 
increase in Pcdh10 expression was confirmed via quantitative real time PCR (Fig 18) 
There are a number of interpretations for these surprising results. First, a novel 
regulatory mechanism exists for Pcdh10 that is distinct from Kirrel2. Pcdh10 
expression within the dorsal medial zone of the olfactory epithelium is reduced in wild 
type adult animals. Kirrel2 on the other hand does not exhibit such a drastic reduction. 
Perhaps Pcdh10 is regulated by a different mechanism in the adult. Since Pcdh10 
behaves like Kirrel3 in the nasal closure experiments, it is possible that CNG activity 
down regulates Pcdh10 in the adult. In this scenario, the coexpression of Pcdh10 and 
Kirrel2 observed embryonically should not occur in the adult. Instead Pcdh10 should 
be coexpressed with Kirrel3 in the adult. However double fluorescent in situ 
hybridizations reveals high overlap of Pcdh10 with Kirrel2 at all ages (Fig 20). 
Interestingly, at P7 Pcdh10 is has significant coexpression with PlexinA1 (Fig 20F). 
Furthermore, coexpression of Pcdh10 and Kirrel3 does not increase as the animal ages 
(Fig 19). Therefore, we conclude that the CNG activity does not cause a down 
regulation of Pcdh10 in adult animals. 
Another interpretation is that an artifact of the nasal closure experiments 
causes CNG activity to increase Pcdh10 expression. If this is the case, we expect 
Pcdh10 to be coexpressed with Kirrel3 in olfactory sensory neurons within the closed 
nostril. Double fluorescent in situ reveal that this is not the case (Fig 21). While 
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Kirrel2 and Pcdh10 coexpression is reduced, Kirrel3 and Pcdh10 coexpression does 
not increase. These findings point towards a novel regulatory mechanism for Pcdh10 
separate from Kirrel2 regulation. The nasal closure results suggest that this 
mechanism involves an activity dependent repression.   
Pcdh10 is positively regulated by CamKII and negatively regulated by PKA 
To dissect the mechanisms by which Pcdh10 is regulated, we utilized an in 
vitro olfactory sensory neuron culture. Illing et al have created clonal cell line derived 
from cultured olfactory placode transfected with a retrovirus carrying the temperature 
sensitive SV40 large T antigen (Illing et al 2002). These cells, called OP27 cells, can 
be induced into an intermediate to late stage olfactory sensory neuron maturation level 
by adding retinoic acid and switching to a nonpermissive temperature. Upon 
differentiation, these cells express the olfactory markers, GAP43, Adenylyl cyclase III, 
and olfactory receptors (Illing et al 2002, Regad et al 2007). We find that Pcdh10 is 
also induced in these cells. We used these cells as a model to determine the 
mechanism by which olfactory receptors induce axon guidance molecules. We found 
that administration of forskolin, a drug that stimulates adenylyl cyclase III, increases 
the expression of Pcdh10 in these cells (Figure 22). Adenylyl cyclase III activation 
causes an upregulation of cAMP. To determine if the upregulation of Pcdh10 is 
Forskolin 
0        5um     10um    25um 0             5um          25um 0              5um          10um 
Rp-cAMP                                             KN-62 
Pcdh10 expression Pcdh10 expression Pcdh10 expression 
Figure 22. Pcdh10 regulation by cAMP in OP27 cells. Increasing 
concentrations of Forskolin (left), Rp-cAMP (middle), and KN-62 (right) were 
added to cells. Real time PCR for Pcdh10 is shown. Forskolin activates 
adenyly cyclase, Rp-cAMP inhibits PKA, KN-62 inhibits CamKII.  
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dependent on PKA or CamKII, we used rp-cAMP and KN-62 to block these pathways. 
We find that rp-CAMP, which blocks PKA, increases the expression of Pcdh10, while 
administration of KN-62 blocks Pcdh10 expression (Figure 22). These results indicate 
that Pcdh10 is activated by cAMP through CamKII and repressed by activation of 
PKA. Another explanation for the increase in Pcdh10 expression following inhibition 
of PKA may be a shift of the available cAMP away from PKA and towards CamKII. 
This in vitro system provides a quick way to determine the regulatory mechanisms of 
axon guidance molecules in the olfactory system. Regulation of Pcdh10 by CamKII is 
consistent with its coexpression with Kirrel2. Kirrel2 is regulated by the CNG 
channel. The CNG channel allows calcium to enter the cell which in turn activates 
CamKII. Inhibition by PKA may occur after 2 weeks of age within dorsal medial 
olfactory sensory neurons. Therefore reducing PKA mediated repression of Pcdh10 by 
nasal closure may explain the unexpected upregulation of Pcdh10. 
Discussion 
Pcdh10 is an axon guidance molecule in the mouse olfactory system 
 We have identified 8 genes belonging to the δ protocaderin subfamily which 
exhibit characteristics consistent with their role in axon guidance within the olfactory 
system. They are expressed within broad regions of interspersed olfactory sensory 
neurons and are correlated with olfactory receptor expression. Within the olfactory 
bulb, they are expressed within novel domains during critical stages of olfactory 
sensory neuron convergence. And finally they appear to be regulated by neuronal 
activity which is consistent with the current model of axon guidance molecule 
regulation in olfactory sensory neurons. We tested one of these protocadherins, 
Pcdh10 for sufficiency in misrouting olfactory sensory neurons. We find that ectopic 
expression of Pcdh10 causes a delay in glomerular formation. Furthermore, 
glomerular convergence occurs at ectopic locations. We therefore conclude that this 
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initial test for δ protocadherins in olfactory sensory neuron axon guidance is positive, 
as Pcdh10 likely plays an instructive role in the initial targeting and convergence of 
olfactory sensory neurons.  
Pcdh10 is activated by CamKII and repressed by PKA 
It is becoming clear that activity dependent regulation is important for the 
activation of axon guidance molecules in the olfactory system. Within the current 
model, differences in the spontaneous activity of 1200 different olfactory receptors 
produce differences in the levels of the second messenger, cAMP. This raises the 
important question of how subtle differences in cAMP can create enough diversity to 
create such a wide range of axon identity. Although, PKA, CREB, and the CNG 
channel have been implicated in this process (Imai et al 2007), it seems likely that this 
regulation requires a huge array of accessory proteins. To date, over 50 genes have 
been identified that are correlated with changes in the levels of cAMP within olfactory 
sensory neurons. The putative functions of these genes include axon guidance, cell 
adhesion, glycosylation, calcium binding, calmodulin binding, synapse association, 
transcriptional, and cytoskeletal proteins (Imai et al 2009). 
It has been proposed that early axon guidance events are regulated by Gs 
which is expressed in immature olfactory sensory neurons. Later stages of axon 
guidance are thought to be regulated by Golf which is expressed in mature neurons. 
One problem with this model is that Gs and Golf share the same effector, adenylyl 
cyclase III. Adenylyl cyclase III converts ATP into cAMP, a second messenger 
underlying the activation of both the cyclic nucleotide gated ion channel and PKA. 
Since activation of both Gs and Golf lead to the accumulation of cAMP, it is important 
to understand the role of its downstream effectors in regulating axon guidance 
molecules. We find that PKA and CamKII, a downstream effector of cyclic nucleotide 
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activation, regulate the expression of Pcdh10 in opposite ways. While CamKII 
activates Pcdh10, PKA inhibits it.  
This provides a mechanism by which neuronal activity can both inhibit and 
activate an axon guidance molecule and may underlie the shift in Pcdh10 expression 
during development and postnatal stages. Indeed we find that decreases in neuronal 
stimulation at 3 weeks of age causes an upregulation of Pcdh10 positive cells within 
the dorsal medial zone of the olfactory epithelium. These results can be explained by 
an activity dependent repression mechanism.  
δ Protocadherins and activity dependent synaptic repression 
We propose a model in which Pcdh10 may function to inhibit synapses at 
ectopically located glomeruli in an activity dependent manner. Previous research has 
shown that nasal closure experiments increase the half life of olfactory sensory 
neurons (Zou et al 2004). In addition, ectopically converged olfactory sensory neurons 
that are normally pruned during development are maintained in nasal closed mice 
(Nakatani et al 2003). This suggests that pruning is activity dependent. However, the 
molecular basis of this activity dependent pruning has not been identified. Pcdh10 
causes relocalization of synaptic cadherins such as N-cadherin (Nakao et al 2008) and 
we have identified an interaction between Pcdh10 and the synaptic cadherin, Cadherin 
11. In this model, Pcdh10 suppresses ectopic synapses in an activity dependent 
manner. Following nasal closure, Pcdh10 expression remains in the dorsal zone of the 
olfactory epithelium because those neurons that are normally pruned do not undergo 
apoptosis. The existence of a regulatory mechanism for synaptic reduction is 
consistent with the hypothesis that the olfactory bulb supplies trophic support through 
synaptic connections. Indeed, bulbectomy studies decreased average olfactory sensory 
neuron half life by 2 to 5 times (Schwob et al 1992). Within this model, Pcdh10 is still 
activated by CNG activity, but is regulated in some manner such that it is only 
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expressed in neurons that misrouted. A candidate for this regulation is PKA. This is 
consistent with the finding that Pcdh10 is correlated with certain types of olfactory 
sensory neurons but is only expressed in a subset of olfactory sensory neurons 
expressing the same olfactory receptor. In keeping with this model, synaptic 
strengthening through LTP and synaptic repression through LTD is thought to be 
mediated through CamKII (Malinow et al 1989, (Mayford et al 1995). This would be 
the second δ protocadherin to function in this fashion as Pcdh8 inhibits synapses in an 
activity dependent manner (Yasuda et al 2007). Interestingly, Pcdh10 also interacts 
with Pcdh7 and Pcdh11x indicating that this entire gene family may act as a complex. 
It will be interesting to determine how other δ protocadherins are regulated in an 
activity and if they regulate classical cadherin binding.  
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MATERIALS & METHODS 
 
Animals 
Swiss-Webster mice were used for all experiments. The day a vaginal plug was 
observed was day P0.5. All protocols were approved by the Cornell IACUC. 
 
In situ hybridization 
Hybridization to sections was essentially as described. Fixed sections were treated 
with 10 μg/ml proteinase K prior to hybridization at 60°C. Double label in situ 
hybridization was performed with digoxigenin and biotin-labeled probes and detected 
using the Fast Red/ HNPP substrate or the TSA Renaissance kit as per manufacturer's 
instructions. Fluorescent images were obtained using confocal microscope.  
 
Immunohistochemistry 
Tissue was fixed over night in formalin and embedded in paraffin. 4um sections were 
collected and deparaffinization with ethanol gradient and xylenes. Slides were 
microwaved for 45 minutes in 10mM sodium citrate buffer pH 6.0. Slides were 
washed in TBST and blocked in TNB blocking reagent for 1 hour. OL antibody was 
applied overnight at 4C at 1:100 dilution. HRP Goat anti rabbit was added at 1:200 for 
1 hour at 37C. Slides were reacted with AEC or amplified and visualized with TSA 
Renaissance kit using Steptavidin alexaflour 488 antibody. 
 
Statistical Analysis 
Coexpression of ORs and Pcdh10: The numbers of cells counted were MOR104-4 
(40), MOR18-3 (58), OR558 (57), OR78 (298), P2 (36), M25 (9), M49 (14), M72 
(33), OR560 (42), MOR28 (78), SR1 (66) 
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Coexpression of ORs with Pcdh10 in TG animals: MOR104-4 (43), SR1 (15), OR78 
(24), MOR28 (58) 
 
Wholemount LacZ staining for Pcdh10 transgenic and wildtype mice: number of 
animals analyzed were E16 SR1 (Line 01): 5 mutants, 7 wildtype, E17.5 SR1 (Line 
01): 12 mutants, 5 wildtype, P0 SR1 (Line 01)-(41 wildtype, 47 mutants), P0 P2 (Line 
01) 26 wildtype, 16 mutants, Adult SR1 (Line 01) 21 wildtype, 24 mutants, Adult P2 
(Line 01) 13 wildtype, 11 mutants, P0 SR1 (Line 04) 21 wildtype, 29 mutants, P0 P2 
(Line 04) 5 mutants, 7 wildtype 
 
LacZ and SR1 interglomerular distance calculation: Number of glomeruli pairs 
compared: (Line 01) Anterior posterior (Wild type 6, Mutant 6), Medial Lateral 
(Wildtype 3, Mutant 5), Dorsal Ventral (Wild type 7, Mutant 6) (Line 04) Anterior 
Posterior (6 wildtype, 6 mutant) 
 
Coexpression of Pcdh10 and axon guidance molecules: Number of sections compared: 
Kirrel2 E17 (28) Kirrel2 P0 (10), Kirrel2 P7 (8), Kirrel2 P16 (12), Kirrel2 6wk (18), 
Kirrel3 E17 (16), Kirrel3 P0 (8), Kirrel3 P7(12), Kirrel3 P16 (7), Kirrel 6wk (5), Nrp1 
(10), PlexinA1 E17 (5), PlexinA1 P7 (4), Big2 (5) 
 
Coexpression of Pcdh10 and Kirrels in nasal closure mice: Number of sections 
compared: Kirrel2 NC (5), Kirrel2 Open(5), Kirrel3 NC(4), Kirrel3 Open (4) 
Nasal Closure 
P0 mice were chilled on ice and cauterized using soldering iron at 300 C for 1 second 
on one nostril. Mice were allowed to recover and put back with mom. If naris opened 
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after 5-7 days, recauterization was applied. Mice were sacrificed 20-22 days after 
initial closure. Nasal epithelium was dissected, and embedded for in situ hybridization. 
 
Real Time PCR 
Olfactory epithelial Tissue or OP27 cells were lysed or homogenized in Trizol reagent. 
RNA was purified using Invitrogen Purescript RNA micro-midi kit. RT PCR was 
performed using Invitrogen superscript III enzyme. Probes for Real Time PCR were 
taken from Roche Universal Probe Library. Primers were validated using standard 
techniques and PCR performed using Applied Biosystems Taqman Mix 
 
Beta-Galactosidase staining 
Olfactory bulbs were dissected and fixed for 5 minutes at RT in 2% 
paraformaldehyde. Tissue was washed 3X with PBS +2mM MgCl2. Tissue was 
incubated for 30 minutes at 37C in LacZ staining solution without X-gal (150mM 
NaCl, 10mM Phosphate Buffer pH 7.5, 1mM MgCl2, 5mM Potassium Ferricyanide 
Crystalline, 5mM Potassium Ferricyanide Trihydrate). Solution is replaced with LacZ 
solution containing 0.2% X-gal and incubated at 37C for 1-18 hours. Reaction is 
stopped by washing 3X with PBS. Tissue is stored in 4% paraformaldehyde  
 
 Analysis of interglomerular distance 
Olfactory bulbs were stained for LacZ and embedded in OCT freezing media. 20um 
olfactory bulb sections were collected coronally, horizontally, or parasagitally. The 
number of sections between the medial and lateral olfactory bulb were counted. The 
number was multiplied by 20um to calculate interglomerular distance. 
 
Western Blot Analysis 
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Olfactory epithelium from animals were dissected, frozen in liquid nitrogen, and 
stored at -80C. Tissue was homogenized in lysis buffer (PBS, 1% SDS, 0.1% Triton 
X-100). Homogenized tissue was sonicated to complete resuspension. Sample buffer 
was added, samples were boiled for 5 minutes and loaded onto 7.5% SDS Page gels. 
Gels were transferred and blocked for 1 hour at RT in 5% nonfat dried milk. Blots 
were washed 3X in TBST. Blots were probed with Pcdh10 antibody at 1:2500 dilution 
in 1% nonfat dried milk in TBST. Blots were washed 3X TBST. 2
ndary 
antibody (HRP 
Goat anti Rabbit) were added at 1:5000 dilution in 1% nonfat dried milk in TBST. 
Blots were washed 3X with TBST and reacted with ECL kit (Amersham). 
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CHAPTER 5 
 
Future Directions 
Dissecting the role of identified candidate molecules in olfactory sensory neuron 
axon guidance  
 We will use mouse genetics to dissect the roles of our identified axon guidance 
molecules within the olfactory epithelium, olfactory bulb, and higher order brain 
structures. We show that overexpression of one of our putative axon guidance 
molecules, Pcdh10, is sufficient to misroute SR1 axons during initial periods of axon 
convergence.  
We will assess the role of other axon guidance candidates by loss and gain of function. 
Both methods rely on conditional expression of our identified genes.  
Axon Guidance Candidate 
Pcdh
10 
expr
essi
on 
LoxP 
LoxP 
Axon Guidance Candidate 
LoxP LoxP 
Stop Rosa 26 
Cre Recombinase 
Promoter X 
TetO 
rtTA Promoter X 
A 
Loss of Function 
B 
Gain of Function 
C 
D 
Cre Recombinase 
Figure 1. Mouse constructs for analysis of axon guidance candidate genes. (A) 
Loss of function by flanking critical gene component with loxP sites. (B) Gain 
of function by activation with Rosa26 promoter following cre recombination. 
(C) Cre lines of mice driven by a given promoter. (D) Inducible Cre scheme. 
Promoter X drives rtTA. rtTA + Doxycycline drives Cre recombinase. 
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Loss of function will be assessed using the cre lox system. In brief, a critical 
region of our genes will be flanked with loxP sites. Upon activation with Cre 
recombinase, recombination will knock out the putative axon guidance molecule (Fig 
1A). Gain of function will rely on the strong mammalian promoter Rosa26. LoxP sites 
will flank a stop site directly after the promoter rendering it inactive. Upon cre 
mediated recombination, the stop site will be removed and Rosa 26 will drive 
overexpression of one of our axon guidance molecules (Fig 1B). A number of Cre 
lines exist that will allow us to specifically up or down regulate our genes in a variety 
of tissues. (Fig 1C) In addition we will couple this approach with inducible 
tetracycline operator elements. Promoters driving rtTA produce an element that only 
activates the tetracycline operator elements if another chemical is present, 
doxycycline. This can be used to induce Cre recombinase in any temporal manner (Fig 
1D). These tools will allow us to specifically overexpress or knockout our axon 
guidance candidates in specific cell types in any temporal manner.  
Figure 2. Assessing Pcdh influence in olfactory sensory neuron axon guidance. 
Olfactory sensory neurons are monoallelically expressed. One allele expresses 
P2 and GFP. Upon doxycyline administration, the other allele drives Cre 
recombinase and upregulates Pcdh X and RFP. Therefore you can assess the 
influence of PcdhX within a population of olfactory sensory neurons relative to 
olfactory sensory neurons expressing the same olfactory receptor without PcdhX 
overexpression. 
Pcdh X RFP 
LoxP LoxP 
Stop Rosa 26 
TetO 
P2 Promoter 
Cre Recombinase 
P2 OR 
P2 OR 
P2 Promoter 
GFP 
First Allele 
Second Allele 
rtTA 
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Influence of  δ protocadherins within olfactory sensory neurons 
 Most of the  δ protocadherin family members are expressed within subsets of 
neurons of the olfactory epithelium. We have surveyed the coexpression rates of the  δ 
protocadherins and a number of olfactory receptors. A number of olfactory receptor 
TetO lines are currently available (Gogos et al 2000, Potter et al 2001, Nguyen et al 
2007). Within these lines an IRES rtTA has been inserted into the olfactory receptor 
locus. Because olfactory receptors are monoallelically expressed (Chess et al 1994), 
we can directly assess the contribution of overexpressing or knocking out a 
protocadherin in olfactory sensory neurons projecting to the same glomerulus. In this 
experiment, one allele of the olfactory receptor is labeled with GFP. The other allele is 
labeled with RFP and overexpresses a protocadherin. Normally these two alleles 
would converge into one glomerulus, but if the overexpressed Pcdh causes 
mistargeting we can easily determine its contribution (Fig2). For example, do the 
olfactory sensory neuron that overexpress the protocadherin project to a more dorsal 
or ventral glomerulus than the endogenous olfactory sensory neurons?  
 Another advantage of this system is that it allows us to dissect the role of these 
protocadherins at different stages of axon guidance. We hypothesize that Pcdh10 is 
important for synaptic remodeling of ectopic synapses. To test this we can add 
doxycycline in the adult animal and knock out Pcdh10 after initial targeting has 
occurred. We predict extra ectopic glomeruli due to lack of pruning. In this way we 
can separate early and late stages of axon guidance.  
The role of the olfactory bulb 
It is now clear that the olfactory bulb does play a role in mediating olfactory 
sensory neuron axon guidance. Three genes, Slit1, IGF1/2, and Sema3a, (Cho et al 
2007, Scolnick et al 2008, Imai et al 2009) have been determined to be target derived 
axon guidance molecules. One of the major arguments against a role of the olfactory 
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bulb was the lack of any genes that were differentially expressed. Indeed all 3 of the 
identified olfactory bulb axon guidance molecules exhibit some degree of differential 
expression within the olfactory bulb. We have identified an entire gene family that 
exhibits differential expression within the olfactory bulb, as well as a number of very 
interesting candidate molecules. However, we have not proven that these genes are 
olfactory bulb cues.  
 To determine the role of these genes, their expression needs to be altered 
specifically within the olfactory bulb. This will be accomplished through the creation 
of a number of olfactory bulb specific cre recombinase transgenic mice. Three lines of 
mice will be created, one using the Pcdh21 promoter, one using Pcdh11x promoter, 
and one using the CTGF promoter. None of these genes are expressed within the 
olfactory sensory neurons. At E17.5, Pcdh21 is specifically expressed within the 
external plexiform and mitral layer of the olfactory bulb. Pcdh11x is expressed 
ventrally and CTGF is expressed laterally (Fig 3). These mice will provide us with a 
method of expressing cre within certain regions of the olfactory bulb. 
Pcdh 11x 
Cre Recombinase 
CTGF 
Cre Recombinase 
Pcdh21 
Cre Recombinase 
Figure 3 Altering Pcdh expression in subregions of the olfactory bulb. 3 Cre 
mice will be made. Pcdh11x is expressed ventrally (light green), CTGF is 
expressed laterally (dark green) and Pcdh21 is expressed uniformly (yellow). 
 147 
 Using these Cre lines we can assess both loss and gain of function effects. 
Losses of function will tested by crossing the cre lines with knock-in mice whose 
putative axon guidance gene contains loxP sites surrounding a vital component of the 
gene (Fig 1A). Gain of function mice will be tested using the rosa26 flox stop flox 
system (Fig 1B)  
We will start with gain of function experiments. By misexpressing axon 
guidance candidates in different regions of the olfactory bulb, we will not only 
determine whether they play a role, but also determine their function. For example, if 
we misexpress laterally and see the axons shift medially, then we can conclude that the 
guidance cue is repulsive instead of attractive. We then predict that overexpression of 
the axon guidance cue ventrally will cause a dorsal shift in the axons. One problem 
with this experiment is that it does not delete the endogenous expression of the gene 
and this will have to be taken into account during the interpretation of the results. The 
rosa26 promoter should be strong enough to express the gene at a much higher level 
than is observed by the endogenous genes.   
Influence of δ protocadherins in other regions of the brain. 
  δ protocadherins are expressed within many other brain regions (See 
appendix) (Vanhalst et al 2005). These mice are ideal to study in other brain regions. 
Many Cre lines exist and we can therefore overexpress and knockout these genes in 
any cell type for which a cre line has been established.  
One interesting region is the hippocampus. The hippocampus is one of three 
regions of the brain that undergoes neurogenesis, the other 2 being the olfactory 
epithelium and the olfactory bulb. Therefore these neurons are constantly forming new 
connections. We suspect that activity regulated axon guidance molecules would be of 
great importance in this system, especially if the δ protocadherins are involved in 
synaptic regulation. We find that all of the δ protocadherins except for Pcdh18 are 
Figure 3 
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expressed within different areas of the hippocampus (see appendix Figure 9). 
Furthermore, preliminary analysis reveals that many δ protocadherins are regulated by 
neuronal activation within primary cultures of hippocampal neurons (see appendix 
Figure 7). These studies may have implications for learning and memory. 
Protocadherin heterophilic interactions 
 We have identified a number of Pcdh10 heterophilic interactions. These 
include interactions with the extracellular domain of Pcdh7, Pcdh11x, Cdh10, and 
Cdh11. Pcdh8 has been shown to interact with N-cadherin and Cdh11 as well (Yasuda 
et al 2007). It is important to understand if these interactions occur in cis or in trans. If 
they occur in trans, the diversity in binding partners produces an extra layer of 
complexity in cell-cell adhesion. If they occur in cis, then δ protocadherins may play a 
regulatory role in altering classical cadherin cell adhesion.  
Although structure function experiments are indicators of cis or trans 
interactions, they are not definitive. Trans adhesion is classically tested through 
aggregation assays (Hirano et al 1999). A population of cells expression one 
interacting protein will be mixed with a population of cell expressing the other 
interacting protein. It is important that these cell lines do not express other cell 
adhesion molecules as this may alter the results. If the mixed cells aggregate to form 
clumps, then the two proteins must interact between cells. If they don’t then cis 
interactions are more likely. Cis interactions can be screened by colocalization 
experiment such as FRET. Pcdh8 cis interaction with N-cadherin was characterized by 
adding AP-fused Pcdh8 to the extracellular environment and visualizing an 
internalization of N-cadherin from the membrane (Yamagata et al 1999). The 
interpretation of these results is that homophilic binding of Pcdh8 causes endocytosis 
of Pcdh8 and those molecules that bind to it. We currently have a number of 
constructs of the Pcdh EC domains that will use for this purpose. 
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To understand the ultimate function of these interactions it is not only 
important to identify these interactions but also to quantify their relative strength. We 
only screened a small number of cadherin/protocadherin combinations. If these 
interactions occur in trans it is especially important to quantify the strength of these 
interactions. Indeed, Pcdh15/Cdh23 interaction is reported to be stronger than Pcdh15 
homophilic interactions (Kazmierczak et al 2007). Due to the large number of non-
clustered protocadherins and the number of cadherins expressed within the olfactory 
system, it becomes difficult to perform co-immunoprecipitations for all combinations. 
Also immunoprecipitations are not a good indicator for interaction strength.  
In 2007, Wojtowicz et al developed a high throughput ELISA based technique 
to quantify DSCAM binding strength. DSCAM is a cell adhesion molecule expressed 
within the fly nervous system. It has 33,000 alternative splice forms. Therefore, a high 
throughput method was required to measure these interactions. In brief, a DSCAM 
isoform was fused to an alkaline phosphatase domain. Another DSCAM isoform was 
fused to an FC domain. An antibody against AP was coated on an ELISA plate and the 
DSCAM proteins and an HRP conjugated FC antibody was added. The ELISA was 
washed and reacted against the HRP substrate. If the DSCAM molecules interacted 
then TNB substrate detected the HRP antibody (Wojtowicz et al 2006). We plan to use 
this technology to identify and quantify the heterophilic or homophilic binding 
capabilities for all combinations of δ protocadherin and cadherin interactions.  
  Non-clustered protocadherins and cadherins are expressed within many 
regions of the brain. These experiments will not only elucidate the function of these 
genes within the olfactory epithelium, but will provide valuable information for their 
function within other brain circuits.  
Regulation of axon guidance molecules in the olfactory system 
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 The creation of 1200 unique axon identities through subtle differences in 
spontaneous activity is a remarkable task requiring a high degree of regulation. 
Although a number of axon guidance molecules have been identified which are 
regulated by the second messenger cAMP (Imai et al 2006, Serizawa et al 2007, Imai 
et al 2009), very little is known regarding the molecular machinery underlying the 
differential expression of these molecules.   
 Utilizing an inducible olfactory cell line (Illing et al 2005), we have dissected 
the contributions of different molecular pathways to the regulation of Pcdh10. We 
propose to use this system to further dissect these molecular pathways. We have 
recently been able to efficiently transfect these cells. In collaboration with Dr. 
Roberson, we plan to transfect dominate negative forms of PKA, Gs, CamKII, and 
CrebBP. We have created luciferase constructs for Pcdh10 so that we can more 
accurately assess contributions towards expression patterns. In addition we plan to 
assess if the other nonclustered δ protocadherins are regulated by activity in the 
olfactory system. Pcdh9 and Pcdh8 have been shown to be regulated by activity in the 
hippocampus however we did not see a difference in the nasal closure animals for 
these genes (Yamagata et al 2009, Zhang et al 2009). In addition, we have shown that 
Pcdh7 and Pcdh17 are regulated by olfactory sensory neuron innervation in the 
olfactory bulb. Pcdh7 or Pcdh17 expression in the nasal closure experiments may not 
have changed because they do not occur through the CNG channel. We also did not 
see any changes in the axon guidance molecule Npn1 which is regulated by PKA (Imai 
et al 2006). Therefore it is possible that other δ protocadherins are regulated by cAMP 
levels, but through a non CNG pathway. This can be assessed using PKA inhibitors in 
OP27 cultures.  
 The δ protocadherins are expressed in other non-olfactory regions of the brain. 
It may be that they are regulated by activity in a similar way within these neurons. 
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Indeed it has been shown the Pcdh8 is activated through NMDA channels (Yamagata 
et al 2009). However, it is unknown if this regulation occurs through CamKII. To 
assess if these proteins are regulated in similar ways in other nervous system 
structures, we have established protocols for olfactory bulb and hippocampal primary 
cell culture. We can perform similar pharmacological experiments in these cultures to 
assess cAMP or calcium regulated expression.  
 To test activity in vivo, we will perform nasal ablation experiments to test 
regulation of other δ protocadherins in the olfactory bulb. Further, we will apply 
kainic acid to induce seizures in mice. This causes excessive neuronal activity in the 
hippocampus and other brain regions (Parent et al 1997). We will assess Pcdh 
expression levels in these tissues following increases in activity. 
 One intriguing possibility is regulation through methylation. A number of 
activity dependent methylation enzymes exist. Gadd45beta has recently been 
discovered to be an activity dependent methylation enzyme that is specific for certain 
genes (Ma et al 2009). Many of the δ protocadherins have been implicated in tumor 
suppression and are turned off through methylation. These include, Pcdh7,8,10,11x, 
and 20 (Huang et al 2009, Imoto et al 2006, Narayan et al 2009, Ying et al 2006, Yu 
et al 2008) . Reexpression of Pcdh10 causes tumor suppression through cell cycle 
regulation (Yu et al 2006).   
Protocadherin Induction Model 
 We reported that many of the δ protocadherins are capable of intracellular 
nuclear localization. We identified a putative nuclear localization domain that was not 
necessary or sufficient for nuclear localization, however antibody staining shows that 
Pcdh10 does localize to the nucleus within the olfactory bulb. In order for this to occur 
Pcdh10 must be cleaved. Other protocadherins have been shown to be cleaved by 
presenillins and ADAM10 (Hambsch et al 2005, Ferber et al 2008). We have cloned 
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these genes into mammalian expression constructions. Cotransfection of these genes 
and full length GFP tagged Pcdh10 may reveal a role for these genes in pcdh10 
processing. 
 We have performed microarray analysis on N2A cells transfected with the IC 
domain of Pcdh10. We have also performed microarrays on the epithelium of our 
Pcdh10 overexpressor mouse. The intent of these arrays is to identify possible 
downstream targets of intracellular Pcdh10 signaling. We found that many of the top 
genes from these arrays are other δ protocadherins. This suggests that Pcdhs may 
signal to induce the expression of other protocadherins.  
 We performed a series of transfections to confirm the microarray results. 
Although induction of Pcdh17 by Pcdh10 was inconsistent, we found that cytoplasmic 
Pcdh18 transfection reliably induced Pcdh17 expression in neuro2A cells. This 
induction is specific for Pcdh17 as other δ protocadherins are unchanged. This result 
was confirmed by RT PCR, qPCR, and northern blot.  
 To test these results in vivo we will use the transgenic mice that we proposed 
to test the role of axon guidance. We have identified the Pcdh makeup for certain 
olfactory sensory neurons. For example P2 olfactory sensory neurons coexpress Pcdh8 
in 56% of the cells, but only coexpress Pcdh10 in 9% of the cells. As in the axon 
guidance experiment, we will use olfactory receptor cre (or rtTA) mice to overexpress 
certain protocadherins within olfactory sensory neurons expressing the same olfactory 
receptor. We can then perform double fluorescent in situ hybridizations for this OR 
and other Pcdhs. For example, Pcdh10 may induce the expression of Pcdh17 in vitro. 
P2 neurons normally express Pcdh17 at 23%. When we force SR1 neurons to express 
Pcdh10, do they now express Pcdh17 in more than 23% of the neurons?  
 We will correlate the induction data with our analysis of Pcdh function in axon 
guidance to understand the effects Pcdh induction. If we know that Pcdh17 expression 
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causes axons to shift dorsally, then we will understand the functional importance of its 
induction by Pcdh10.  
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APPENDIX 
 
 δ protocadherin induced induction of protocadherins 
 
 
Antibody stains revealed that Pcdh10 is localized within the nucleus of 
olfactory bulb. Furthermore, GFP fusion to the cytoplasmic domain of Pcdh10 
Gene ID M value 
Thymus Cell Antigen 1 0.696 
AI847225 0.644 
H3092G03 0.641 
Protocadherin 19 0.625 
H3155D10 0.605 
Semaphorin 3C 0.582 
Protocadherin 10 0.573 
H4045D01 0.558 
Protocadherin 7 0.506 
AI835901 0.500 
Protocadherin 1 0.473 
Protocadherin 8 0.471 
succinate dehydrogenase complex, subunit 
A, flavoprotein (Fp) 0.378 
Protocadherin 9 0.342 
AI852307 0.288 
metal response element binding transcription 
factor 2 0.223 
 
Gene ID M value 
Protocadherin 10 5.630 
TK 5.560 
Protocadherin 10 2.820 
GAP43 2.713 
Protocadherin 17 2.641 
BMP type receptor 2 2.509 
FK506 binding protein 15 1.296 
GPCR15 like 1.219 
 
Table 1 Top 16 microarray results for Pcdh10 transgenic epithelium compared 
to wild type epithelium. δ protocadherins are highlighted in green 
Table 2. Microarray results for Neuro2A cells transfected with cytoplasmic 
Pcdh10 relative to  GFP transfected. 
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localized to the nucleus in N2A cells. To investigate the possible signaling effects of 
Pcdh10 we performed microarrays on the olfactory epithelium of mouse which 
overexpress Pcdh10. Of the 30,000 cDNA clones on the microarray, 6 of the top 16 
genes belonged to the δ protocadherin family (Table 1). These results indicate a 
possible function of Pcdh10 in the induction of other δ protocadherins.  
Protocadherin induction has been previously reported. The intracellular  
domains of gamma protocadherins are capable of nuclear translocation and 
nonspecific induction of other gamma protocadherins (Hambsch et al 2005). In 
zebrafish, disruption of nuclear translocation of pcdh alpha cytoplasmic domains 
causes neuronal death (Emond et al2008). These results provide an interesting 
mechanism by which the expression of one axon molecule may induce the expression 
of another axon guidance molecule. To study this in further detail, we performed 
microarrays from Neuro2A cells transfected with the intracellular domain of Pcdh10. 
Neuro2a cells are derived from neuroblastoma cells and express many δ 
protocadherins. Interestingly, Pcdh17 was found to be increased by microarray 
PCDH1 IC           PCDH7IC         Pcdh10 IC         PCDH 18 IC          
Mock 
25 30 35 40 25 30 35 40 25 30 35 40 25 30 35 40 25 30 35 40 
 
 Ladder     Mock     Pcdh9    Pcdh18   Pcdh10FL Pcdh10IC      
Figure 1. RT PCR for Pcdh17. Transfected samples are labeled below. From 
left to right (Pcdh1, Pcdh7, Pcdh10, Pcdh18, Mock. Number of PCR cycles is 
on top. Pcdh17 appears at 25 cycles only for Pcdh18 transfected cells 
Figure 2. Northern Blot probed with Pcdh17. RNA is isolated from cells 
transfected with (from left to right) Mock, Pcdh8, Pcdh18, Pcdh10 full length, 
Pcdh10 cytoplasmic. A band is observed only in Pcdh18 transfected samples 
Figure 2 
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analysis (Table 2). To confirm this we performed a series of RT PCRs on cells 
transfected with the intracellular δ protocadherin. We were not able to consistently 
conf
irm 
the upregulation of Pcdh17 following Pcdh10 transfection. However, we was able to 
confirm the upregulation of Pcdh17 following Pcdh18 transfection. These results were 
consistent by RT PCR, qPCR, and Northern Blot (Fig 1,2,3).  Transfection of Pcdh18 
cytoplasmic domain did not cause an upregulation of other δ protocadherins. 
In Vitro Assay for Axon Guidance Molecule Regulation 
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Pcdh17 Expression 
Figure 3. Quantitative RT PCR for Pcdh17. Each sample corresponds to 
neuro2A cells transfected with various constructs. Note Pcdh17 is upregulated 
in both Pcdh18 transfections and 1 Pcdh10 transfection 
Control 1um 
SP-cAMP 
10um 
SP-cAMP 
50um 
SP-cAMP 
Figure 4. Quantitative RTPCR. Pcdh10 expression increases in N2A cells 
with higher concentrations of sp-cAMP 
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Figure 6 
We have shown that Pcdh10 is upregulated in expression following stimulation 
of OP27 cells with forskolin. OP27 cells are a clonal olfactory sensory neuron cell line 
which can differentiate into mature olfactory sensory neurons (Illing et al 2002). 
Forskolin stimulates adenylyl cyclase to produce cAMP. We found that Pcdh10 
induction is dependent on CamKII. To test if induction can be generalized to other 
neuronal cell types, we repeated this experiment in N2A cells and primary 
hippocampal cells (Fig 4,7). We found that in both cases either forskolin stimulation 
or application of a cAMP analog, sp-camp, caused an increase in Pcdh10 expression. 
Pcdh8 and Pcdh9 have also been shown to be regulated by neuronal activation 
(Yamagata et al 1999, Zhang et al 2009). Furthermore, Pcdh7 and Pcdh19 have 
Pcdh19 Expression 
Control 5um 
Forskolin 
10um 
Forskolin 
25um 
Forskolin 
Pcdh8 Expression 
Control 10um 
Forskolin 
25um 
Forskolin 
Pcdh19 Expression 
Control 5um 
KN-62 
10um 
KN-62 
Pcdh8 Expression 
Control 1um 
KN 62 
10um 
KN 62 
Figure 5. Quantitative RT PCR in OP27 Cells. Pcd19 expression is reduced 
with increasing levels of forskolin (upper left). Pcdh19 expression is 
increasing levels of KN-62 (upper right). Pcdh8 expression is increased with 
increasing levels of Forskolin (lower left). Pcdh8 expressiono is reduced with 
increasing levels of KN-62 (right) 
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Figure 7 
 been correlated with olfactory neurons that have differing levels of cAMP (Imai et al 
2009). We have also observed that Pcdh7 and Pcdh17 expression is changed following 
axon deinnervation of olfactory bulb cells. This suggests a possible role for activity 
dependent regulation for all of the  δ protocadherins. To test this we applied these in 
vitro methods to other δ protocadherins. Application of cAMP analog caused an 
increase in Pcdh8 and a reduction in Pcdh19 in OP27 (Fig 7). Furthermore, Pcdh8 
expression was reduced in these cells following inhibition of camKII with KN-62 and 
Pcdh19 was increased following inhibition of camKII (Fig 7). Within the 
A B 
Olfactory Bulb Hippocampus 
Figure 6. Primary culture of Olfactory Bulb (A) and Hippocampal (B) 
neurons 
Pcdh1 expression Pcdh7 expression Pcdh8 expression 
Pcdh9 expression Pcdh10 expression Pcdh17 expression 
20um  
SP-cAMP 
Control 
20um  
SP-cAMP 
Control 20um  
SP-cAMP 
Control 20um  
SP-cAMP 
Control 
20um  
SP-cAMP 
Control 20um  
SP-cAMP 
Control 
Figure 7. Quantitative RT PCR in primary hippocampal 
cells. 20um sp-cAMP wsa applied to cells (red). Pcdh1 
expression (upper left,), Pcdh7 expression (upper middle), 
Pcdh8 expression (upper right), Pcdh9 expression (lower 
left), Pcdh10 expression (lower middle), Pcdh17 expression 
(lower right) 
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hippocampus, cAMP increases Pcdh1, Pcdh7, Pcdh8, and Pcdh10 expression. Pcdh9 
expression is reduced and Pcdh17 is unchanged.  
Protocadherin expression in the brain 
 δ protocadherins are expressed within many subsets of the developing brain. 
Our Rosa26 flox stop flox Pcdh transgenic mice are ideally suited to study the effects 
of these genes in other brain regions. 
Vomeronasal Organ 
  Similar to the mouse main olfactory system, the vomeronasal organ contains 
neurons that are segregated into different regions. Neurons in the apical region of the 
vomeronasal system express the g-protein Gi, while basal neurons express Go. Gi 
neurons project to the anterior accessory olfactory bulb and Go expression neurons 
project more posteriorly (Jio et al 1996). Interestingly vomeronasal receptors cannot 
bind Gs or Golf (Chessler et al 2007). Therefore, activity regulated axon guidance 
molecules that are shared between the VNO and main olfactory system likely utilize 
different methods for regulation. We find that many of the δ protocadherins are 
expressed within subsets of cells within the vomeronasal organ. For example, 
Pcdh1,7,9, and 17 are expressed within the basal VNO cells. Pcdh7 and Pcdh17 are 
Pcdh1 Pcdh7 Pcdh8 
Pcdh9 Pcdh10 Pcdh17 
A B C 
D E F 
Figure 8 Expression of δ protocadherins in vomeronasal organ 
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expressed within subsets of neurons in the VNO. Pcdh10 is expressed in a few VNO 
neurons and Pcdh8 is expressed in most VNO neurons (Fig 8). Comparisons of the 
regulatory mechanisms employed between the two systems will be very interesting. 
Indeed phosphodiesterases are differentially expressed in the VNO layers and may be 
predictive of regulatory pathways (Cherry et al 2002). Hippocampus 
The hippocampus is the only non-olfactory region of the brain that undergoes 
continual regeneration. Therefore, these cells are continually forming new synapses. 
We find that Pcdh1,7,8,9, and 10 are regulated by activity in primary hippocampal 
cells. Furthermore, Pcdh8 has a prominent role in synaptic repression within 
hippocampal cells. We find that all of the δ protocadherins are expressed within the 
hippocampus with the exception of Pcdh18. Pcdh11x is expressed in only a few cells. 
Pcdh7 and Pcdh10 are expressed highest in CA3. Expression for Pcdh1 seems 
ubiquitous while the other δ protocadherins are expressed within subsets of cells. The 
hippocampus is a good model to study the putative effects of Pcdh induced synaptic 
remodeling. 
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Figure 9. Expression of δ protocadherins in the hippocampus. CA1 (A-
H), CA3 (I-P), dentate gyrus (Q-X) 
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MATERIALS & METHODS 
 
 
Animals 
Swiss-Webster mice were used for all experiments. The day a vaginal plug was 
observed was day P0.5. All protocols were approved by the Cornell IACUC. 
 
In situ hybridization 
Hybridization to sections was essentially as described. Fixed sections were treated 
with 10 μg/ml proteinase K prior to hybridization at 60°C. Double label in situ 
hybridization was performed with digoxigenin and biotin-labeled probes and detected 
using the Fast Red/ HNPP substrate or the TSA Renaissance kit as per manufacturer's 
instructions. Fluorescent images were obtained using confocal microscope.  
 
Real Time PCR 
Cells were lysed or homogenized in Trizol reagent. RNA was purified using 
Invitrogen Purescript RNA micro-midi kit. RT PCR was performed using Invitrogen 
superscript III enzyme. Probes for Real Time PCR were taken from Roche Universal 
Probe Library. Primers were validated using standard techniques and PCR performed 
using Applied Biosystems Taqman Mix 
 
Transfections 
1ug of DNA was combined with 5ul of Lipofectamine and incubated at room 
temperature for 15 minutes. Alternatively, 1ug of DNA was combined with 100ul 
Hanks Buffered Phosphate and 1ul of 2.5M CaCl2. The mixture was added to the cells 
dropwise. The cells were incubated for 4-24hours and the media changed. The cells 
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were fixed in 4% PFA for 5 minutes and DAPI was applied in PBS. Cells were 
mounted and photographed using confocal microscope. 
 
Primary Culture 
Olfactory bulbs or hippocampus were dissected from P0 – P5 SW pups and placed in 
Hanks Buffered Saline on ice. Hanks was replaced with 2mls of 0.25% Trypsin and 
incubated at 37C for 15 minutes. Trypsin was replaced with 10mls of HBS and 
incubated for 5 minutes at 37C 2X. HBS was replaced with 3mls of HBS containing 
20ug/ml DnaseI, 1.2mM MgSO4, 3mg/ml. Cells were passed through an 18 guage 
syringe 10X, a 21 guage syring 7X, and a 23 guage syring 4 times. 3mls of HBS 
containing 20ug/ml DnaseI, 1.2mM MgSO4, 4% BSA was applied to bottom of cell 
suspension and centrifuged at 1300g for 5minutes. Solution was removed and the cells 
were resuspended in 3mls of HBS containing 20ug/ml DnaseI, 1.2mM MgSO4, 
3mg/ml. 3mls of HBS containing 20ug/ml DnaseI, 1.2mM MgSO4, 4% BSA was 
applied to bottom of cell suspension and centrifuged at 1300g for 5minutes. Solution 
was removed and cells were resuspended in 10% FBS, DMEM, 1X antibiotic 
antimitotic. Cells were incubated 10 hours and media was replaced with neurobasal 
media, 2% B27, 1X antibiotic antimitotic and grown at 37C. 
 
Microarray 
Epithelium or cells were lysed or homogenized in Trizol reagent. RNA was purified 
using Invitrogen Purescript RNA micro-midi kit. RT PCR was performed using 
Invitrogen superscript III enzyme with incorporation of amino allyl dUTP. Cy3 or 
Alexafluour 488 was coupled to RT products. Hybridizations were performed in 50% 
formamide, 3xSSC, 20 mM Tris 8.5, 0.1% SDS, 0.1 μg/μl salmon sperm DNA, and 
0.1% BSA at 45°C using a Tecan HS400 machine and scanned on an Axon 4000B 
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scanner.Microarray generation PCR products from the NIA 15 k, 7.4 k, and 11 k 
BMAP collections were resuspended in 1xSSC/0.005% sarkosyl and printed on 
Corning UltraGAPS slides using a custom-built microarrayer and Telechem 946 pins. 
  
Northern Blot 
Epithelium or cells were lysed or homogenized in Trizol reagent. RNA was purified 
using Invitrogen Purescript RNA micro-midi kit. 20 μg each of total RNA were 
electrophoresed in denaturing 1.5% agarose formaldehyde gel, and transferred onto 
Hybond nylon membrane. The probe used for detection was labeled with [
32
P]dCTP 
by using the random-primer labeling kit and hybridized to the membrane as described 
previously After the membrane was washed signals were recorded on X-ray films 
 
RT PCR 
Cells were lysed or homogenized in Trizol reagent. RNA was purified using 
Invitrogen Purescript RNA micro-midi kit. RT PCR was performed using Invitrogen 
superscript III enzyme. 50ng of RT was added to PCR Invitrogen Paq cocktail. PCRs 
were performed for 25, 30, 35, and 40 cycles. 
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